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Abstract 
The evolution of submarine slope channel-levee systems can be documented using 
high resolution 3D seismic datasets, however, seismic studies cannot provide 
detailed information on channel-scale stacking patterns, an understanding of the 
detailed stratigraphic relationship with adjacent levee deposits and/or, the 
distribution of sedimentary facies within channel-fills, frontal lobes, and external 
levees. High-resolution outcrop analogue studies are therefore used to provide the 
sub-seismic detail and understanding lacking from regional seismic studies. One 
such outcrop analogue is the slope channel-levee systems (preserved in Units C-F) 
of the Fort Brown Formation, Karoo Basin, South Africa that crop out along a 
series of post depositional anticlines and synclines near the town of Laingsburg in 
the Western Cape. Furthermore, the high-resolution examination of channel-levee 
systems in the Fort Brown Formation has been aided through the collection of a 
series of behind outcrop of research cores drilled behind a slope valley system, 
thus enabling high-resolution characterisation of the complex fill of the slope 
valley. 
Detailed data collection from both limbs of the post-depositional Baviaans 
syncline permits detailed characterisation, understanding and a palaeogeographic 
reconstruction (with 3D control) of several lower-slope channel-levee complexes. 
Field mapping and correlation has identified six channel complexes within Sub-
unit C2 that have been correlated across this syncline providing a record of system 
evolution from a deeply incised channel complex, to a series of external levee-
confined laterally migrating channel complexes before finally evolving into a 
vertically aggradational channel complex that is confined by both internal and 
external levees. These channel complexes have also been captured in two of the 
research boreholes, permitting 1D characterisation of the channel complexes and 
a realistic understanding of what can be characterised from core alone. 
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Channels are not the only component of the slope detailed herein; frontal lobes, 
deposited basinward of a feeder channel and are often interpreted as precursor 
lobes have been imaged extensively in seismic datasets, however, they have 
rarely been documented from outcrops. A rare example of an exhumed sand-
prone frontal lobe complex preserved in Sub-unit C3 permits the process 
sedimentology and geometry of frontal lobe deposits to be constrained. Sub-unit 
C3 crops out as a series of sand-prone, depositional wedges, where individual beds 
can be followed laterally as they thin, fine and downlap onto the underlying 
mudstone. Their geometry, sedimentary facies and position on the slope contrasts 
markedly with architecture of basin floor terminal lobes. A seismic example from 
the Giza Field, Nile Delta is used as a subsurface analogue to the C3 frontal lobe 
complex, and their combined characteristics are used to define a suite of 
diagnostic criteria for the identification and prediction of frontal lobe deposits. 
Deposit remnants with a similar depositional geometry and sedimentary facies 
characteristics to the Sub-unit C3 frontal lobe complex have been found towards 
the base of large external levee deposits at various different stratigraphic 
intervals in the Fort Brown Formation (lower, mid and upper slope).  
External levee deposits have been observed and interpreted with confidence in 
seismic datasets, as their position adjacent to channels, their characteristic 
wedge geometry and the presence of downlapping reflectors enable their 
identification. In the Fort Brown Formation, external levees have been mapped 
out from channel proximal to channel distal locations, enabling the geometry of 
the levee, as well as the lateral and vertical thinning and fining of beds to be 
constrained and documented through the integration of both core and outcrop 
datasets. The external levees from the Fort Brown Formation are silt-rich, 
however, their origin, evolution, geometry and the distribution of typical levee 
components such as sediment waves, and crevasse lobes are similar to mud-rich 
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external levees, such as those documented from the Amazon and the Joshua 
Channel of the Gulf of Mexico. 
Seismic studies have also indicated that a significant component (up to 70%) of 
the fill of large channel complex sets and slope valleys comprise a dim seismic 
facies, e.g. the Benin Major canyon, this is comparable to the Unit D-aged slope 
valley present on the south limb of the post-depositional Baviaans syncline. In 
previous studies of the Zaire and other canyon systems, this component has been 
interpreted as terrace deposits, mass transport deposits, abandonment drapes, 
and internal levee deposits. Over 70% of the Unit D slope valley fill on the CD 
Ridge is comprised of thin-bedded heterolithics. The core dataset allows for the 
detailed characterisation of this thin-bedded component and it documents a 
lateral proximal to distal facies transition, similar to what is observed in external 
levees. Interpretation of sedimentary processes, sedimentary facies distributions, 
and unit thickness supports an internal levee interpretation, suggesting that this is 
the first cross-sectional detailed characterisation of internal levee deposits. This 
study indicates that internal levees can be a significant component of slope valley 
fills, and form an important record of the stratigraphic evolution of submarine 
slope systems. 
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Bav 2 (Fig. 4.5) and Bav 6 are incorporated in this study (See Enclosure 5 for 
enlarged version).         85 
Figure 4.4: A) Gamma ray log through Sub-unit C2 in Bav 1a. B) Core log through 
Sub-unit C2 of Bav 1a. C) Core photographs showing fine-grained sandstone with 
mudstone, siltstone and sandstone clasts (location of core photograph shown on 
core log B); Ci) expanded core photo showing different clast compositions; and 
Cii) expanded core photograph showing soft sediment deformation within the fine-
grained sandstone. D) Core photographs showing fine-grained sandstone with 
siltstone and sandstone clasts; Di) expanded core photo showing structureless 
fine-grained sandstone; and Dii) expanded core photo showing soft sediment 
deformation within siltstone and sandstone clast. E) Core photographs showing 
fine-grained sandstone with planar laminations and a well-developed loaded basal 
surface with mudstone clasts; Ei) expanded core photo showing fine-grained 
sandstone with a well-developed loaded basal surface with mudstone clasts; and 
Eii) expanded core photo showing planar laminated sandstone with normal 
grading. F) Core photographs showing structureless fine-grained sandstone with a 
zone of soft sediment deformation resulting from dewatering; Fi) expanded core 
photo showing a well-developed flame structure; Fii) expanded core photo 
annotated to highlight the well-developed flame structure shown in Fi) (See 
Enclosure 6 for enlarged version).       87 
Figure 4.5: A) Core log through Sub-unit C2 in Bav 2. B) Core photographs showing 
fine-grained sandstone with mudstone clasts dispersed throughout the entire 1 m 
(3 ft) section (location of core photograph shown on core log A); Bi) expanded 
core photo showing the mudclast distribution. C) Core photographs showing 
structureless fine-grained sandstone becoming planar laminated and then climbing 
ripple laminated upwards; Ci) expanded core photo showing planar lamination and 
climbing ripple lamination within the fine-grained sandstone; and Cii) expanded 
xxii 
 
core photo annotated to highlight the planar lamination and climbing ripple 
lamination within the fine-grained sandstone shown in Ci). D) Core photographs 
showing structureless fine sandstone with a mudclast mantled zone at the top of 
the core interval; Di) expanded core photo showing structureless fine-grained 
sandstone. E) Core photographs showing deformed and dewatered fine-grained 
sandstone; Ei) expanded core photo showing a well-developed loaded basal 
contact and the deformed sandstone and siltstone zone; and Eii) expanded core 
photo annotated to highlight the well-developed loaded basal contact and the 
deformed sandstone and siltstone zone shown in Ei) (See Enclosure 7 for enlarged 
version).           89 
Figure 4.6: Correlation panel between Bav 1a and Bav 2: A) Gamma ray log 
through Bav 1A borehole; B) Bav 1A sedimentary log; C) Dip-meter measurements 
of erosion surfaces in Sub-unit C2 and D) Bav 2 sedimentary log. The cores are 
correlated using the Upper C mudstone as a datum. One channel complex set 
surface has been identified in each of the cores. Six channel complex surfaces are 
observed in Bav 1a, whilst three channel complex surfaces have been identified in 
Bav 2. Twenty-one channel element surfaces are observed in Bav 1a and three 
channel element surfaces have been identified in Bav 2 (See Enclosure 8 for 
enlarged version).          90 
Figure 4.7: A) Entire CD Ridge panel. B) Enlarged crop of the western CD Ridge 
panel showing the C2 channel complex set. C) Correlation panel showing the same 
enlarged crop of the CD Ridge panel showing the six main channel complexes that 
are observed and correlated across the syncline (CC1-CC6) (See Enclosure 9 for 
enlarged version).          92 
Figure 4.8: Correlation panels from the northern limb of the Baviaans syncline: A) 
Correlation panel showing Units C and D, with coloured boxes that correspond to 
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the four enlarged panel crops (C-F); B) Correlation panel showing Units C and D 
with the six C2 channel complexes that correlate to the corresponding numbered 
and coloured channel complexes identified on the CD Ridge panel (Fig. 4.7); C) 
Enlarged panel crop showing CC1 and CC5 identified at Baviaans Farm; D) Panel 
crop recording CC2 at the West Rubbish Dump; E) Enlarged panel crop showing 
CC6 observed at the Whaleback; and F) Enlarged panel crop showing CC3 and CC4 
at the Old Rubbish Dump (See Enclosure 10 for enlarged version).  93 
Figure 4.9: A series of palaeogeographic maps, reconstructed using correlations 
between channel complexes identified on the north and south limbs of the 
Baviaans syncline. Small inset correlation panels from Figures 4.7A and 4.8A are 
shown above and below the maps: A) The oldest channel complexes (CC1) 
observed in the study area; B) CC2; C) CC3; D) Reconstructed palaeogeographic 
interpretation correlating CC4 across the study area; E) CC5; F) The youngest 
channel complex (CC6) (See Enclosure 11 for enlarged version).           102 
Figure 4.10: A series of cross-sections constructed combining observations from 
the CD Ridge panel (Fig. 4.7) and the palaeogeography maps of Figures 4.9 
correlations, flattened on the B/C Interfan as a datum: A) Reconstructed cross-
section for Time One; B) Reconstructed cross-section for Time Two; C) 
Reconstructed cross-section for Time Three; D) Reconstructed cross-section for 
Time Four; E) Reconstructed cross-section for Time Five; and F) Reconstructed 
cross-section for Time Six (See Enclosure 12a for enlarged version).          103 
Figure 4.11: A series of cross-sections constructed combining observations from 
the north limb of the Baviaans syncline (Figure 8) and the palaeogeography maps 
of Figure 4.9A-F, flattened on the B/C Interfan as a datum: A) Reconstructed 
cross-section for Time One; B) Reconstructed cross-section for Time Two; C) 
Reconstructed cross-section for Time Three; D) Reconstructed cross-section for 
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Time Four; E) Reconstructed cross-section for Time Five; and F) Reconstructed 
cross-section for Time Six (See Enclosure 12b for enlarged version).           104 
Figure 4.12: Figure highlighting five key learnings from this study 1) preservation 
of channels and channel complexes increases upwards, which will impact reservoir 
modelling approaches and well log interpretations (Fig. 4.4A); 2) Composite base 
surface most correlative; however, can be difficult to pick on well logs where 
mudstone clast conglomerates are present; 3) Not all channel complexes will have 
a stratigraphic record in the core; 4) Correlation is on 10s meters scale, not 100s 
meters (Fig. 4.6); and 5) Thin beds are present and preserved within the major 
confinement surface as channel margin or internal levee deposits. External levee 
deposits are built up over time as the system evolved. Dipmeter and sedimentary 
facies can be used as discriminators. These key learnings can be applied to 
exhumed and subsurface systems (See Enclosure 13 for enlarged version).          
                   107 
Figure 4.13: Schematic sketch showing: A) Map view and cross-section view of a 
bifurcating system that remains in sand bypass mode, where external levee and 
channel deposits are preserved as channels avulse and lengthen basinward; B) Map 
view and cross-section view of a bifurcating system where crevasse lobes develop 
in front of the channel avulsion. The right-hand channel deposited frontal lobe 
deposits basinward of the channel, these are later cut through by the channel as 
it lengthens, and overlain by external levees. Following avulsion, lobe develop in 
front of the channel as it lengthens basinward.              112 
Figure 5.1: A selection of annotated seismic images in both map and cross-section 
views (A-D) showing high aspect ratio sand-rich wedges on submarine slopes. The 
yellow and white lines on the map view sections of A-C show the positions of the 
cross-section slices (through submarine channels, levees and lobes). D is an 
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expanded view of the cross-section in A), showing a series of stacked low-relief 
channel-levees with bright amplitudes, separated by mudstone intervals.         116 
Figure 5.2: A) Stratigraphic column showing the stratigraphy of the study area. 
Unit C is highlighted. B) Expanded log highlighting Units C and D, showing the 
internal tripartite stratigraphy of Unit C and the broad depositional environments 
associated with each sub-unit. C) Location map highlighting the northern and 
southern field areas (Zoutkloof and Baviaans synclines respectively) near the town 
of Laingsburg, Western Cape, South Africa. The pale grey area marks the outcrops 
of the Laingsburg Formation and the dark grey shows the outcrop pattern of the 
Fort Brown Formation. The white and black dots represent sedimentary log 
positions, the red and black dots highlight the positions of the Bav 1A and Bav 6 
boreholes, and the green and black dot shows the location of the sedimentary log 
in Fig. 5.4. The dark purple, purple and blue lines highlight the positions of the 
correlation panels in Figure. Fig. 5.6C) Map of Baviaans syncline study area, with 
the CD ridge highlighted showing the Unit D slope valley incised into Unit C (see 
Hodgson et al., 2011 for more details).               119 
Figure 5.3: The four main facies associations identified within Sub-unit C3.         
                   122 
Figure 5.4 Sedimentary log and representative photographs of sedimentary facies 
associations. A) Sedimentary log through Sub-unit C3 (northern limb of Baviaans 
syncline, green and black dots shown on Fig. 5.2C), Upper C mudstone shown 
below and C-D mudstone above. B) Low angle climbing ripple lamination in very 
fine-grained sandstone. C) Rippled upper bed contact of very coarse siltstone bed 
within C3. D) Sigmoidal laminae in very fine-grained sandstone (50 cm thick bed). 
E) Very coarse siltstone with sinusoidal laminae and lenses of very fine-grained 
sandstone. F) Sinusoidal laminae transitioning to ripple laminated strata in the 
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upper 5 cm of the very fine-grained sandstone bed. G) Climbing ripple lamination 
in very fine-grained sandstone, with stoss side preservation. H) Interbedded very 
fine-grained sandstone and very coarse siltstone with sinusoidal laminae. Scales: 
pencil (15 cm); lens cap (6.5 cm); compass (9 cm); coin (1.5 cm); geologist (1.70 
m) (See Enclosure 14 for enlarged version).            124 
Figure 5.5: A) Gamma-ray log and B) sedimentary log through Sub-unit C3 in Bav 
1A. C) Core photographs showing examples of the sedimentary facies associations 
identified in C3: Ci), Ciii) and Civ) are magnified sections of very fine-grained 
sandstone beds with concave- to convex-up laminae (FA3 and FA4) – these laminae 
are the expression of asymmetric sinusoidal bedforms in core, as in simple line 
sketch of part E). Cii) is a magnified section of the lowermost meter of C3, 
featuring thinly interbedded sandstone and siltstone with mudstone drapes, low 
intensity bioturbation and occasional current ripple lamination (FA1). D) 
Interpreted core photos from Part C. E) Representative sketch (normally 15-20 cm 
thick) of the sinusoidal laminae and how they appear in core as a series of 
concave up through convex up laminae (See Enclosure 15 for enlarged version). 
                   125 
Figure 5.6: Correlation panels showing the geometry of sub-unit C3 throughout 
the study area. Panel A) records C3 on the south limb of the Zoutkloof syncline, 
panels B) and C) show C3 on the northern and southern limbs of the Baviaans 
syncline respectively. The outcrop has been measured and described in over 50-
logged sections for 22 km down dip. The northern limb of the Baviaans syncline 
(B) records the most significant lateral variability in the thickness of this unit. The 
palaeocurrent trend of each panel is shown in the rose diagrams. D) Isopach map 
showing the distribution of Unit C3 throughout the study area. E) Palaeocurrent 
data recorded on the south limb of the Zoutkloof syncline, F) the north limb of 
the Baviaans syncline and, G) the south limb of the Baviaans syncline. H) The total 
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palaeocurrent trend of C3 throughout the study area. Note that inset boxes 
highlight the locations of outcrop and core photographs presented in Figures 5.4 
and 5.5 (See Enclosure 16 for enlarged version).             129 
Figure 5.7: A) Expanded view of the correlation panel in Figure 5.6B showing the 
depositional ‘thicks’ and ‘thins’. B) Close-up correlation panel crop from the 
Baviaans North correlation panel highlighting the downlapping beds, variability in 
facies associations across the ‘thicks’ and ‘thins’, as well as the locations of the 
sedimentary log in Fig. 5.4A and the bed-scale correlation panel of Fig. 5.8. C) 
Aerial photograph showing Sub-unit C3 in pale yellow; the top surface of C2 and 
the basal surface of D highlight the presence of the bounding mudstones. The 
sedimentary characteristics of the ‘thicks’ and ‘thins’ are shown with facies 
association code labels.                 130 
Figure 5.8: (left) 22 detailed logs through a single bed over 150 m, oriented along 
strike to palaeoflow. This highlights the lateral distribution of sedimentary 
structures as the bed thins through a series of photographs (also shown above). 
The position of this transect on the northern limb of the Baviaans syncline is 
highlighted on Figure 5.7B.                 132 
Figure 5.9: Summary sketch showing the main depositional environments under 
consideration to account for the depositional geometry and sedimentary facies 
associations of Sub-unit C3. The inset cross-sections A-E show the different stratal 
termination patterns expected for each depositional environment: A) External 
levees; B) Sediment waves, or large-scale bedforms; C) Crevasse lobes ; D) Offset 
stacked frontal lobes and E) forward stepping frontal lobes.            135 
Figure 5.10: A) Map view of the palaeogeographic reconstruction of Sub-unit C3 
as a set of laterally offset frontal lobes (the outcrop extent of the Fort Brown 
Formation is superimposed. The blue box contains the main study area as 
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recorded in the correlation panels of Figure 5.6. B) Cross-section view of the A-A’ 
section line. This line follows the approximate position of the outcrop –correlation 
panel (Fig. 5.6B) on the northern limb of the Baviaans syncline. Towards the west, 
the pale yellow and dark green areas on both the map and the cross-section 
represent sand-rich frontal lobe deposits (FA2, FA3 and FA4) and the brown is 
fringe deposits (FA1), whilst the terminal lobes are represented towards the east 
in yellow and red-brown. On the cross-section, the pale grey is the C-D mudstone 
and the dark grey is the Upper C mudstone.              141 
Figure 5.11: (A) 2D strike-oriented seismic reflection section showing the Giza 
North channel-levee-complex set and the position of the Giza North-1 well with 
gamma ray and resistivity logs displays. (B) Giza North-1 shale petrophysical log 
through the Giza Field channel-levee complex set highlighting the late stage 
stacking patterns within the weakly confined lobes; scale is 0-100%, green for 
shale, yellow for sandstone, blue for water and red for gas saturation. The 
conventional core images of the facies associations identified include: i) 
décollement surface overlain by debrite; ii) amalgamated, dewatered sandstone 
punctuated by mudstone clast conglomerates; and ii) upper thin-bedded climbing 
ripple cross-laminated, bioturbated sandstones, and their position is cross-
referenced on the shale petrophysical log.               147 
Figure 5.12: (A) 3D seismic reflectivity horizon slice of the late stage weakly 
confined constructional fill of the Giza channel complex set (southward view up 
depositional dip), draping the southerly plunging limb of a 3-way structural 
anticline.  Higher amplitude responses reflect thicker intervals (up to 15m) with 
higher net: gross (>0.60), based on calibration to the Giza North-1 well. (B) 
Cartoon visualisation of the Giza Field late stage laterally offsetting elongate 
lobes.  Lobe dimensions are around 2km2, which is interpreted to reflect the 
generation of accommodation by shallow detached slide scars. Frontal lobes are 
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offset stacked and fed by a channel element that propagated through switching to 
alternate sides of the weakly confined channel complex set. In seismic cross-
section the frontal lobes display a profile similar to that of an external levee.  
                   149 
Figure 6.1: Cartoon of an external levee and slope valley-fill that highlights the 
nomenclature used and the key components identified and characterised in this 
study. These features are not discrete areas on the levee, however, this 
subdivision allows individual components of the levee to be examined. Heavier 
stipple indicates relatively higher amount of sand (See Enclosure 17 for enlarged 
version).                        159 
Figure 6.2: Location map that highlights the study area near the town of 
Laingsburg, Western Cape, South Africa (inset maps). The pale grey area marks 
the outcrops of the Laingsburg Formation and the darker grey shows the outcrop 
pattern of the Fort Brown Formation. The boxed areas show the geographic 
position of figures referenced throughout the chapter.             160 
Figure 6.3: (A) Stratigraphic column showing the generalised stratigraphy of the 
Ecca Group. (B) Expanded stratigraphic column showing the units described in this 
study (Units C-F of the Fort Brown Formation) are highlighted. Vertical scale is in 
kilometres. (C) Expanded location map showing the geographical distribution of 
the data. The white and black dots represent sedimentary log positions; the red 
and black dots highlight the positions of the Bav 1a, Bav 2 and Bav 6 research 
boreholes. The green, blue, red and orange lines highlight the positions of the 
correlation panels constructed in this study. The green, blue and orange boxes 
correspond to the stratigraphic intervals highlighted on the stratigraphic column 
of (B).                           162 
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Figure 6.4: Inset map (top right) showing the location of the CD Ridge outcrop, 
south limb of the Baviaans syncline. Annotated aerial photograph (top left) that 
illustrates the location of the Unit D incision through Unit C stratigraphy. The CD 
Ridge correlation panel (bottom) of Hodgson et al. (2011) captures the Unit D 
entrenched slope valley. The locations of the cored research boreholes drilled as 
part of this study are shown on both the aerial photograph and the correlation 
panel.                   168 
Figure 6.5: A) CD Ridge panel constructed using outcrop logs (this study), the box 
highlights the expanded panels of B. Rose diagrams showing palaeocurrent 
measurements collected from each of the panels; i) palaeocurrents from the Unit 
D western external levee, ii) palaeocurrents from the Unit D eastern external 
levee, and iii) palaeocurrents from the Sub-unit C2 eastern external levee. B) 
Expanded correlation panel showing the western Unit D external levee where 
several beds that have been walked out and downlap onto the underlying 
mudstone (See Enclosure 18 for enlarged version).             171 
Figure 6.6: (A) Gamma ray log and (B) Sedimentary log of the Unit D proximal 
external levée from research borehole Bav 1a. (C) Representative outcrop facies 
photographs of the lowermost 25 m of the Unit D external levée, on the CD Ridge, 
part of the lower proximal external levée. (Di-Diii) Core facies photographs from 
the lower proximal external levée of Unit D. (E) Annotated core photographs from 
the lower proximal external levée with sedimentary structures highlighted. (F) 
Representative outcrop facies photographs of the upper proximal external levée 
of Unit D on the CD Ridge (Gi-Giii) Core facies photographs from the upper 
proximal external levée of Unit D. (H) Annotated core facies photographs from the 
upper proximal external levée with the sedimentary structures highlighted. 
(Rucksack, notebook, pencil and grain size card for scale) (See Enclosure 19 for 
enlarged version).                 175 
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Figure 6.7: (A) Sedimentary log through the eastern Unit D distal external levee 
at the Paardekraal river section (UTM: 476839, 6323945). (B-L) Outcrop facies 
photos showing the thin bedded deposits, typical of Lf1 and Lf2, found within 
distal areas of the external levee deposit (notebook (20.5 cm), pencil (15 cm) and 
measuring tape (27 cm shown) for scale).               176 
Figure 6.8: (A) Gamma ray log and B) Sedimentary log through Sub-unit C2 
collected from the Bav 6 core. (C-F) Core facies photographs, locations indicated 
by the boxes on the sedimentary log within the 22 m thick C2 external levee 
succession. (G and H) Outcrop facies photographs from the C2 external levee at 
the Paardekraal river section (UTM: 476827, 6323820).             177 
Figure 6.9: Cartoon through an external levee showing the distribution of the 
dominant facies associations observed within the Unit D external levee from 
channel proximal to channel distal locations. The gradational boundaries illustrate 
that boundaries between dominant facies are transitional.            178 
Figure 6.10: Cartoon illustrating the distribution of sandstone within the Unit D 
external levee from channel proximal to channel distal locations. Inset graph 
showing the % sandstone for conjugate external levee against distance from the 
levee crest with an exponential best fit line. From this dataset, there is a non-
linear relationship between distance from the channel and percentage sandstone 
content of the levee. Downlap arrows are inferred timelines.            179 
Figure 6.11: Correlation panel through part of the Sub-unit F2 proximal external 
levee on the southern limb of the Heuningberg anticline (see Fig. 6.3). This panel 
shows individual beds that have been correlated and walked out, which downlap 
onto the underlying mudstone, away from the parent channel to the south.         
                   180 
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Figure 6.12: (A) Photo panel showing the shingled sandstone beds that form part 
of interpreted sediment waves on the proximal external levee of Sub-unit E2 
cropping out on the south limb of the Heuningberg anticline (see Fig. 3). (B) Trace 
of the upstream accreting beds (to NW) shown on the photopanel of A). C) 
Correlation panel of correlated sedimentary logs (D) Palaeocurrent rose showing a 
dominant palaeocurrent direction towards the southeast.             181 
Figure 6.13: (A) Cartoon of sediment waves outboard of the levee crest, showing 
the broad scale geometries, aggrading upslope in the opposite direction to the 
flow direction (adapted from Migeon et al., 2000). (B) Inset schematic of sediment 
waves, showing where sand becomes trapped on the upstream facing limb of the 
wave, allowing for shingling and migration upslope, in the opposite direction to 
turbidity current flow.                 183 
Figure 6.14: Correlation panel constructed from logged sections measured at the 
eastern margin of the Slagtersfontein channel complex. Terminal lobes at the 
base of Unit D are overlain by external levee deposits, which incorporate a 
number of crevasse lobes, which are variable in geometry and thickness. The 
succession is incised by a late-stage channel that cuts down from high within Unit 
D.                    184 
Figure 6.15: Photograph of a single crevasse lobe bed demonstrating the 
tripartite divisions. The lower part consists of a thin band of disorganised 
fragments of levee; the middle part is clean sandstone and ranges in character 
from structureless to well-developed tractional bedforms. The upper part is 
argillaceous and often contains mud clasts or dispersed organic matter such as 
plant fragments.                        185 
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Figure 6.16: Block diagram showing the spatial relationship of the main features 
and nomenclature used to describe channel-levee systems (See Enclosure 20 for 
enlarged version).                 186 
Figure 6.17: Cartoon section parallel to a levee crest that shows the down-dip of 
evolution of levees and their stratal relationships to lobes; from small levees 
associated with entrenched channels, to levee-confined channels, to the down-dip 
association of decreasing levee height and increasing occurrences of crevasse 
lobes and channels, to the levee-lobe transition zone where lobe deposition 
dominates.                   189 
Figure 7.1: A) Block diagram showing the main features and nomenclature used to 
describe channel-levee systems in modern and ancient studies B) Close-up crop 
highlighting the position of internal levees within a channel-levee system and 
their relationship to surrounding sub-environments of deposition. Adapted from 
Morris et al. (2014).                 197 
Figure 7.2: Location map highlighting the field areas near the town of Laingsburg, 
Western Cape, South Africa (Inset maps A and B). C) The pale grey area marks the 
outcrops of the Laingsburg Formation and the darker grey shows the outcrop 
pattern of the Fort Brown Formation. The yellow boxes show the geographic 
position of figures referenced throughout the chapter. D) Stratigraphic column 
showing the generalised stratigraphy of the Lower Ecca Group. E) Expanded 
stratigraphic column showing the units described in this study (Units C and D of 
the Fort Brown Formation) are highlighted.              200 
Figure 7.3: Aerial photograph and inset maps (top) showing the location of the CD 
Ridge outcrop, south limb of the Baviaans syncline. The aerial photograph (top) 
and correlation panels (middle and bottom) capture where Unit D incises (120 m) 
through the entire Unit C stratigraphy for 2 km lateral distance to form an 
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entrenched slope valley. The lowermost panel shows the correlations and 
measured sections through the Sub-unit C2 and Unit D external levee.          201 
Figure 7.4A: CD Ridge correlation panel constructed using outcrop data. This 
panel shows the relative locations of the six research boreholes. Bav 2, Bav 4, Bav 
5 and Bav 6 are used in this study and they are highlighted in red boxes (See 
Enclosure 21a for enlarged version).               203 
Figure 7.4B: CD Ridge correlation panel constructed using data collected from the 
cores integrated with the outcrop data. The orange boxes highlight the location of 
proximal internal levee locations and figures associated with them in this paper. 
The pink boxes highlight the distal internal levee localities s (See Enclosure 21b 
for enlarged version).                204 
Figure 7.5: CD Ridge panel showing the distribution of facies identified and 
described in Table 1 (using facies codes).               210 
Figure 7.6: Detailed core log crop from Bav 4. Channel margin deformation (sand-
rich slump, dark green), internal levee (pale green), and channel off-axis (pale 
yellow) deposits are all captured (see key for details). This log shows the high 
level of variability of facies vertically as captured by one of the research 
boreholes. It also records the high energy characteristics of the proximal internal 
levee deposits (Lf3, Lf4 and Lf8) (See Enclosure 22 for enlarged version).         214 
Figure 7.7: Representative outcrop facies photographs from proximal internal 
levee settings: A) Sandstone beds  with current ripple cross-lamination, climbing-
ripple cross-lamination and stoss-side preserved current-ripple cross-lamination.B) 
The same sandstone beds with the sedimentary structures highlighted. C) 
Sandstone beds from Unit D recording current ripple cross-lamination, climbing-
ripple cross-lamination and stoss-side preserved current-ripple cross-lamination. 
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D) The same sandstone beds from (C) with the sedimentary structures highlighted 
(Notebook 20 cm long, blue pencil 15 cm long and grey pencil 15 cm long for 
scale).                           215 
Figure 7.8: A) Core photographs showing typical proximal internal levee facies; 
sandstone dominated, often normally graded beds with current-ripple cross-
lamination, climbing-ripple cross-lamination, stoss-side preserved ripple cross-
lamination and aggradational sinusoidal bedforms. B) The same core photographs 
annotated to show the sedimentary structures and bed contacts recorded in 
proximal internal levee settings               216 
Figure 7.9: A) Core log showing Unit D in Bav 2. B) Expanded core log of distal 
internal levee in Unit D. C) Core photographs showing typical proximal internal 
levee facies; sandstone dominated, often normally graded beds with current-
ripple cross-lamination, climbing-ripple cross-lamination, stoss-side preserved 
ripple cross-lamination and aggradational sinusoidal bedforms. D) Annotated core 
photographs highlighting the sedimentary structures and bed contacts recorded in 
proximal internal levee settings.               218 
Figure 7.10: A) Sedimentary log measuring a distal internal levee deposit at 
outcrop. Photos B-E show a siltstone dominated deposit from Unit D with 
occasional sandstone beds containing current-ripple cross-lamination. The white 
annotation in Photograph C highlights the sedimentary structures (Yellow 
notebook 20 cm long, blue pencil 15 cm long and yellow tape measure 8 cm long 
for scale).                            220 
Figure 7.11: A) Core log showing Unit D in Bav 5. B) Expanded core log of distal 
internal levee in Unit D. C) Core photographs showing typical distal internal levee 
facies; siltstone dominated with occasional thin-beds (<1-4 cm thick) of very fine-
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grained sandstone. D) The same core photographs highlighting the sedimentary 
structures and bed contacts recorded in distal internal levee settings          221 
Figure 7.12: A) Gamma ray response and bed-dip readings recorded in the 
proximal external levee of Unit D, Bav 1a. B) Gamma ray response and bed-dip 
readings recorded in the distal external levee of Sub-unit C2, Bav 6. C) Gamma 
ray response and bed-dip readings recorded in the distal internal levee and 
‘confined lobe’ deposit of Unit D, Bav 5. D) Gamma ray response and bed-dip 
readings recorded in proximal internal levee and channel margin settings of Unit 
D, Bav 4 (See Enclosure 23 for enlarged version).             227 
Figure 7.13: A model showing evolution and growth of internal levees (based on 
observations from seismic studies). A-C) Shows the deposition of a frontal lobe 
and later incision by the parent channel. D) Increasing width and depth of channel 
confinement surface as channel sinuosity increases, deposition of point 
bars/lateral accretion packages on the inner bend with erosion concentrated on 
the outer bend, terrace deposits are deposited over the laterally accreting inner 
bend deposits. E) Vertical aggradation of channel elements and channel 
complexes results in deposition of internal levees (pale green) acting to confine 
the vertically aggrading channel elements and channel complexes (See Enclosure 
24 for enlarged version).                232 
Figure 7.14: A second model for evolution and growth of internal levees (based 
on the CD Ridge outcrop study). A-C) Shows the deposition of a frontal lobe and 
later incision by the parent channel. D) Increasing width and depth of channel 
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Chapter 1: Understanding Submarine 
Channel-levee systems 
1.1 Introduction to Submarine Channel systems 
Our understanding of the stratigraphic record of sediment erosion, bypass, and 
deposition processes operating on continental margins has increased significantly 
since the late 1990’s. This has been driven by the exploration and production of 
hydrocarbon reservoirs hosted in submarine slope settings offshore West Africa and 
the Gulf of Mexico. The submarine slope has been revealed as having a complicated 
geomorphology, often with a dynamic substrate such that the bathymetric template 
may change through time. Major geomorphic feature found on the submarine slope 
include submarine canyons/valleys and channel-levee systems, which can be 
several kilometres wide, 100’s of metres deep, and 100’s of kilometres in length, 
and act as the conduits for the transfer of large volumes of terrigenous sediment 
eroded from continents, supplying submarine fan systems in deep ocean settings 
(Gervais et al., 2001; Skene et al., 2002; Straub and Mohrig, 2008; Ducassou et al., 
2009; Migeon et al., 2010; Covault et al., 2011; Hodgson et al., 2011; Talling et al., 
2012). These conduits vary in their depth of erosional confinement, aspect ratio 
(width-to-depth), and sedimentary fill in response to underlying topographic 
changes as they pass down the slope. These channels are usually bounded by 
external levees and there are several published studies that focus on the 
depositional architecture of submarine external levees (Normark et al., 1980; Flood 
et al., 1997; Hiscott et al., 1997a; 1997b; Clemenceau et al. 2000; Cronin et al., 
2000; Migeon et al., 2000; 2001; 2004; Babonneau et al. 2002; 2010; Skene et al., 
2002; Deptuck et al., 2003; Posamentier, 2003; Posamentier and Kolla, 2003; 
Schwenk et al., 2005; Kane et al. 2007; 2009, 2010, Kane and Hodgson, 2011; Khan 
and Arnott, 2011, Morris et al., 2014a). Detailed sedimentological outcrop and core 
descriptions provide insights into the characteristics of the flows and the processes 
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that form them (e.g. Hiscott et al., 1997a; 1997; Gervais et al., 2001; Pirmez and 
Imran, 2003; Dennielou et al., 2006; Ducassou et al., 2009; Hodgson et al., 2011; 
Kane and Hodgson, 2011). However, due to the limited extent of most outcrop 
exposures, only parts of the systems are characterised in this manner. Larger scale 
subsurface studies have utilised bathymetric data, echosounder profiles (e.g. 
Estrada et al., 2005; Covault et al., 2011) and three dimensional reflection seismic 
(e.g., Deptuck et al., 2003; Posamentier et al., 2003, Kolla et al., 2007; Straub and 
Mohrig, 2008; Cross et al., 2009; McHargue et al., 2011; Nakajima and Kneller, 2013) 
to help to constrain the geometries and temporal evolution of the channel-levee 
systems. Flume tank experiments and numerical modelling provide an 
understanding of the factors that determine turbidity current behaviour and the 
characteristics of their sediment accumulations (e.g., Komar, 1973; Kneller, 2003; 
Pirmez and Imran, 2003; Straub and Mohrig, 2008; Birman et al., 2009; Kane et al., 
2010a). 
In this thesis, a unique dataset is presented that integrates observations and 
interpretations from outcrop, core and well logs from the same ancient channel-
levee systems is investigated. This study provides a rare opportunity to improve our 
understanding of the stratigraphic record of the sedimentary processes responsible 
for the initiation, development, and abandonment for these remote and 
inaccessible systems active on the continental slope at a far higher resolution than 
reflection seismic datasets. 
  
 
 
3 
 
1.1.1 The continental slope 
 
Figure 1.1: Diagrams to illustrate the gradient and extent of the continental slope. A) Average slope 
in degrees with depth as a global mean (solid line), on Eurasia (short dashes), and on Africa (long 
dashes) for comparison. Note that the highest mean slope is in the first two kilometres beneath sea-
level. Figure adapted from Moore and Mark (1986). B) Global curve of average elevation expressed as 
a percentage of the total area of the Earth’s surface. The continental slope covers ~30% of the Earth’s 
surface. Figure adapted from Allen, (1997). 
The continental slope forms an area of increased seabed gradient between two of 
the major breaks-in-slope on the planet’s surface (Fig. 1.1a); the up-dip break-in-
slope is located between the continental shelf (<0.1°) and the continental slope (1-
3° degree on passive siliciclastic margins; e.g. Pratson and Haxby, 1996) and the 
down-dip break-in-slope is positioned between the continental slope and the 
abyssal plain (basin floor). This topographic tract marks the steepest mean section 
of the Earth’s surface by altitude (1.8° at ~1-2 km below sea-level; Moore and Mark, 
1986), and covers >30% of the planet area (Allen 1997, Fig. 1.1b). The deeper break-
in-slope is more gradational and is referred to as the continental rise and can extend 
500 km beyond the submarine slope. The gradient of the continental rise is on the 
order of 0.5-1°, intermediate between the slope and the shelf. Typically, the 
continental slope is steeper on tectonically active and/or carbonate margins (>4°; 
Pratson and Haxby, 1996). Here, the continental slope is referred to using the more 
general term ‘the submarine slope’ to encompass the sections of intracratonic and 
intramontaine basins between the basin shelf and basin floor. 
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Traditionally, the submarine slope is viewed as an environment dominated by 
substrate erosion and bypass (transport through an area without deposition) of 
relatively coarser-grained sediment (sand and silt, compared to hemipelagic 
fallout) to the deeper basin down-dip. This simple paradigm was developed from 
initial seabed observations of present day submarine slope systems that are largely 
inactive due to the present day high sea level stand, and are covered with a fine-
grained sediment blanket. However, three-dimensional seismic datasets have 
revealed that submarine slope gradient is a dynamic property and is rarely smooth 
through time (Figs. 1.2 and 1.3). Changes in gradient down and along slope are 
driven by inherited features such as intraslope graben (Ferry et al., 2005), diapirism 
of mud and salt (e.g. Prather, 2000; Gee and Gawthorpe, 2006), erosional and 
depositional topography from large volume remobilisation events (e.g. Pickering 
and Corrigedor, 2005; Moscardelli and Wood, 2008), and tectonic activity (e.g. 
Ravnås and Steel, 1998; Hodgson and Haughton, 2004). This results in sections of 
the submarine slope being out of grade, and not in equilibrium (e.g. Pirmez et al. 
2000; Figs. 1.2 and 1.3). The term submarine slope equilibrium here is defined as 
is where the rate of sedimentation or erosion is equal to zero in any location (Naruse 
and Parker, 2008). The equilibrium profile is tied on the lower end to a base level, 
below which flows cannot erode, in a large scale system, this is represented by the 
basin floor but it can be interrupted by an intra-slope basins, or an igneous sill 
(Pirmez et al., 2000). Submarine slopes can be classified according to the relative 
balance between erosional and depositional processes (Ross et al., 1994) and are 
referred to as out of grade or graded slopes (Hubbard, 2011). Out of grade slopes 
refer to slope systems that are dominated by sediment bypass and mass wasting 
processes (unbalanced erosional and depositional processes), whereas graded 
slopes form under balanced depositional and erosional processes forming smooth 
concave slope profiles (Hubbard, 2011) (Fig. 1.3). 
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Figure 1.2: A) The traditional view of the submarine slope as a system dominated by sediment bypass 
and erosion with a simple profile between the shelf-edge and continental rise. B) A modern view of 
the submarine slope with several changes in gradient that drive changes in the degree of flow 
confinement and sediment bypass (Modified from Funk et al., 2012. 
 
Figure 1.3: Summary of depositional processes associated with the formation of equilibrium profiles 
along submarine channels at the continental margin scale, with cross-section and map view schematics 
illustrating how channel equilibrium adjustment occurs through spatial changes in erosion and 
deposition rates (modified from Pirmez et al., 2000). 
A distinction can be drawn between passive bathymetry, active bathymetry and 
inherited bathymetry (such as at a tectonic margin or on a carbonate platform). For 
example, passive bathymetry, formed by deposition of different types of mass flow 
deposits can impact the routeing of subsequent sediment-laden gravity flows and 
the geometry of resultant deposits. Eventually the uneven seabed will be ‘healed’ 
Modified from Funk et al., 2012 
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such that younger deposits are not confined by this bathymetry. Active bathymetry 
is created either constantly or episodically, such that the degree of depocentre 
confinement is related to the ratio between the rate of deposition and the rate of 
seabed deformation (e.g. Grecula et al., 2003; Hodgson and Haughton, 2004). 
Active bathymetry can be maintained for long periods, resulting in thick successions 
of confined turbidites. In some settings, the amplitude of intraslope bathymetry is 
greater than the height of the sediment gravity flows, which leads to trapping of 
the flow on the slope in depocentres referred to as ponded basins (e.g. Amy et al., 
2000; Prather, 2000). Transient intraslope submarine fans (e.g. Adeogba et al. 2005) 
fill ponded basins to a spill point until flows fill the next ‘pond’ down-slope. Well-
documented examples of ponded intraslope basins come from the Miocene of the 
Gulf of Mexico (Prather, 2000). 
The submarine slope is also a site for widespread remobilisation of deposits as mass 
flows (slides, slumps, debris-flows) driven by instability of water saturated muddy 
sediment on a gradient. In seismic datasets these chaotic seismic facies as referred 
to as mass transport deposits (MTDs). Stratigraphically, MTDs are commonly 
identified at or near the base of deep-water siliciclastic systems thereby marking 
the initiation of periods of increased sand supply to the basin-floor. Booth et al. 
(2003) described numerous phases of MTDs that interfinger with submarine fan 
deposits on the lower and base-of-slope in the Gulf of Mexico. Some basin margin 
successions comprise significant proportions of MTDs. For example, 50-60% of the 
ponded succession of mini-basin 4 in the Brazos Trinity system in the northwestern 
Gulf of Mexico (Beaubouef et al., 2003), 50% of the deep water offshore Brunei 
(McGilvery and Cook, 2003) and 50% of the Quaternary record of offshore eastern 
Trinidad (Moscardelli and Wood, 2008) comprise mass flow deposits. Also, the Gull 
Island Formation cropping out near Kilkee, County Clare on the west coast of 
Ireland, is a spectacular submarine slope succession (Martinsen, 1989; Collinson et 
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al., 1991), where more than 75% of the lower and 10-25% of the upper stratigraphy 
comprises slides and slumps. 
Several key criteria can be established to identify submarine slope successions at 
outcrop. These include: 1) overall stratigraphic position of a succession that overlies 
basin-floor fans and underlies deltaics; 2) mud-prone with deep-water microfauna 
and/or ichnology (e.g. Zoophycos and Nerites ichnofacies); 3) channel-fills with 
adjacent thin-bedded ripple-laminated intervals; and 4) widespread sediment 
remobilisation processes (slumps, slides). 
1.1.2 From the Continent to the shelf-edge 
In order to transfer siliciclastic sediment from the continents to the deep ocean the 
sediment must be transported to the edge of the continental (or basin) shelf. 
Studies of ancient shelf edge successions show that deltaic systems can extend to 
the continental shelf-edge and even onto the upper slope (e.g. Mayall et al., 1992; 
Merelle et al., 2002; Plink-Bjorklund and Steel, 2002; Porebski and Steel, 2003). 
The present-day sea-level is at a relative high-stand (Fig. 1.4)(Catuneanu et al., 
2011), which means that there is a large amount of space on the flooded continental 
shelves for sediment to be stored. This situation inhibits the transport of coarse-
grained sediment to the shelf-edge and deep ocean floor. Increased volumes of 
coarse-grained sediment are transported through the submarine slope to the deep 
ocean during low sea level stands (e.g. during glacial periods), when continental 
shelves are exposed and shelf-edge deltas can form. This scenario has occurred 
multiple times in the last million years with glacio-eustatic sea-level falling more 
than 120 m below present levels (Fig. 1.4). Sediment can be supplied to the deep 
basin at high sea levels when there is a direct connection between feeder rivers or 
longshore drift currents and the heads of submarine canyons (Reading and Richards, 
1994). Modern examples of these situations include the Zaire Canyon, west of 
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Africa, and La Jolla, California respectively (Babonneau et al., 2002; Covault et al., 
2007). Additional controls on the grain-size range and volume of sediment that 
reaches the shelf edge include the delivery system (delta type, rate of sediment 
supply) and shelf dimensions (width and gradient) (Porebski and Steel, 2003).  
 
Figure 1.4: Graph of global eustatic sea-level for the last million years to illustrate the anomalous 
conditions in the present day. Average sea-level is -62 m. The graph is constructed from data 
presented by Miller et al. (2005). 
When coarse-grained sediment is transported beyond the shelf-edge, it is 
transported by turbidity currents and mass flows (e.g. slides, slumps, debris-flows). 
Turbidity currents are flows of sediment and water mixtures that are driven by 
gravity and the density contrast between the flow and the ambient fluid. A non-
cohesive turbidity current can transform from a cohesive (laminar) mass flow by 
entraining sea water, and a new paradigm suggests that turbidity currents can 
transform to more cohesive flows in distal reaches (e.g. Talling et al. 2012). The 
sediment in a turbidity current is kept in suspension through turbulence, and as the 
driving force wanes (e.g. through decreased flow confinement, gradient, or volume) 
the coarser material will start to deposit. This leads to characteristic normal graded 
profiles in turbidite beds (the deposit of a turbidity current). The classic Bouma 
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turbidite bed is only one type in a range of turbidite bed types (e.g. Kneller 1995; 
Talling et al. 2012). 
1.1.3 The geomorphology of submarine slope conduits 
Submarine slope channels have been defined as elongate, negative relief bodies 
that act as long term conduits for sediment transport (Mutti and Normark, 1991), 
they can be erosionally or constructionally confined. They are often flanked by 
levees (whereby they are referred to as channel-levee systems) and terminate in a 
depositional basin floor fan/lobe. Submarine slope channel-levee systems vary in 
their exact dimensions; however they share many similar morphological features 
that can be used as useful descriptors to compare and contrast across different 
systems (Figs. 1.2 and 1.5). Below, an idealised progression of submarine channel-
levee architecture is described, which can be identified on a simple submarine slope 
with a smooth slope and even gradient from the shelf-edge break (Fig. 1.5). Similar 
architectural styles are described from modern settings such as the Amazon and 
Zaire systems (Babonneau et al., 2002). In reality, changes in gradient down a 
submarine slope can result in repeated 2D depositional architectures, with more 
entrenchment on steeper sections and more deposition along shallower sections 
(Fig. 1.2). A documented example is the Late Miocene Lower Congo (Ferry et al., 
2005). This shows how the submarine slope is trying to work toward an equilibrium 
profile (Ross et al., 1994; Pirmez et al., 2000, Naruse and Parker, 2008). Changes 
in the longitudinal slope gradient correlate with variations in the channel sinuosity, 
the width and depth of basal incision, the presence of splay and levee deposits, the 
location of vertical aggradation zones, and the points of channel avulsion.  
During low sea level stands rivers can connect directly with submarine slope 
channels, and the steep fluvial gradients result in deep incision of the continental 
shelf (incised valley formation). Commonly, these erosional features are referred 
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to as canyons, although this is a geomorphic term rather than defining any precise 
dimension. However, submarine canyons are typically V-shaped in geometry, and 
can be very deep e.g. the upper reaches of the Zaire Canyon are >700 m deep. 
Turbidity currents are fully contained within these canyons. Down the submarine 
slope the mean depth of erosional confinement decreases, which allows the upper 
fine-grained parts of turbidity currents to spill out into unconfined parts of the slope 
to form levees. In a similar relationship to rivers and their adjacent levees, 
submarine slope levees can be described as depositional wedges of sediment that 
thin and fine away from the axial channelised area (Fig. 2.4). Where the base of 
the submarine channel is below the base of the levee the system is described as 
being entrenched (or erosionally confined), and where the base of the channel is at 
a similar level to the base of the levee it is described as levee-confined. Individual 
thalweg channels without adjacent levees (Samuel et al., 2003), or ‘underfit’ 
channel-levee systems (Deptuck et al., 2003), may meander within a wider channel 
belt or slope valley bounded by ‘external levees’ (Kane and Hodgson, 2011; Morris 
et al., 2014a), also referred to as ‘high levees’ (Piper et al., 1999), or ‘master 
bounding levees’ (Posamentier, 2003; Kane et al., 2007) (Figs. 1.2 and 1.5). 
Typically, the axial channelised portion of a submarine channel-levee system is a 
relatively linear and 2-5 km width and 100-200 m depth. This is referred to as the 
channel belt or slope valley (U-shaped). Inside the channel-belt are many smaller-
scale channel forms (200-500 m width and 20-30 m depth), where only one channel 
thread is active at any time. Submarine slope channels can be long, for example 
the North Atlantic Mid-Ocean Channel (NAMOC) is >4000km long and continues on 
gradients <0.1° at water depths of several kilometres (Chough and Hesse, 1976; 
1980; Klaucke et al., 1998). 
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Figure 1.5: Schematic diagram of a submarine slope channel-levee system from shelf (top) to basin-floor (bottom). Sections A-A’, B-B’ and C-C’ illustrate the changes in 
architecture from entrenched, to levee-confined, to distributive (Carton sections 1-3, from van der Merwe et al., 2014).  
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Commonly, a high degree of sinuosity to the channel threads is identified on seismic 
images, particularly on slopes with lower gradients (Fig. 1.5) and/or younger 
channels in the fill of a channel belt (Mayall and Stewart, 2000; Abreu et al., 2003; 
Mayall et al. 2006). In seismic datasets, the pattern of these channel threads range 
from disorganised (appearance of spaghetti) to organised (appearance of fluvial 
scroll bars). Although the sinuous planform of submarine channels share 
morphological similarities with meandering fluvial systems, the processes are 
different. Point bars and lateral accretion surfaces form in fluvial systems as an 
open channel migrates across a floodplain. Lateral accretion has been identified in 
submarine channel-fills at outcrop (Kane et al., 2010b), although it has observed in 
rare seismic examples (see Janocko et al. 2012 for possible examples), it is more 
commonly observed that channels migrate through lateral avulsion, where channels 
are cut and filled and then step laterally, this is potentially a result of the scale of 
observation, where lateral accretion surfaces cannot always be resolved at seismic 
scale. That submarine channels cut across each other means that potentially only a 
small portion of any single channel cut and fill is preserved in a channel belt. This 
is important to appreciate in outcrop investigations – repeated phases of channel 
excavation and aggradation in the same channel belt results in remnants, and 
complete cross-sections of channels are rare. At outcrop, identifying sinuosity in 2D 
outcrop datasets can be difficult; criteria to identify channel sinuosity include an 
asymmetry to the basal erosion surface, the distribution of sedimentary facies in 
the channel fill, the height of the adjacent external levees and the presence of 
lateral accretion deposits/surfaces. 
Farther down the submarine slope as the gradient decreases, the channel system 
becomes less confined (weakly confined; Fig. 1.2), ultimately becoming unconfined 
and distributive on the basin-floor to form submarine terminal fans/lobe (Fig. 1.5). 
Submarine slope channel-levee systems can transport huge volumes of terrigenous 
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sediment (sand and silt) to the deep ocean to form submarine fans. For example, 
the Indus Fan is 11 km thick and 1 million km2 (Kolla and Coumes, 1985), the 
Mississippi fan is >300,000 km2 (Bouma et al., 1985), the Amazon fan is >700,000 
km2 (Damuth and Flood, 1985), and the largest depositional system on the planet, 
the Bengal Fan, which is fed by the Brahmaputra River, is 22 km thick and 3 million 
km2 (Emmel and Curray, 1985). 
1.1.4 Channel-levee architecture 
 
Figure 1.6: Schematic diagram of a partially erosionally confined to fully aggradational slope channel-
levee complex showing the distribution of the main components of a channel-levee system, modified 
after Kane and Hodgson, (2011). 
1.1.4.1 The components of a channel-levee system 
The sediments that comprise channel-levee systems are usually organized into a 
predictable pattern of facies associations; channel axis, channel off-axis, channel 
margin and levees (Fig. 1.6). These facies associations differ from each other by 
the degree of bed amalgamation and sand percentage: 
Channel axis - The axis of a channel is located at the thickest part of the channel, 
it displays the greatest amount of amalgamation, has the thickest beds, the highest 
concentration of sand, and often includes a basal lag unit rich in intraformational 
clasts. 
Channel Margin – The channel margin facies association is located towards the 
thinner margins/edges of the channel element, compared to the channel axis, 
channel margin facies display less amalgamation, contains the thinnest beds 
(usually recording tractional structures) and has the lowest concentration of sand 
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found within a channel erosion surface. This thin-bedded margin facies onlaps the 
basal erosion surface forming a shallowing-upward bed-dip pattern that is 
detectable in FMS or FMI data.  
Channel off-axis – Channel off-axis deposits record the transition between channel 
axial and channel marginal environments often containing evidence of sediment 
remobilisation that deformed from the channel margins. 
External levees - Submarine external levees (sensu Kane and Hodgson, 2011) are 
frequently identified in subsurface seismic and seabed datasets as constructional 
wedges that taper away from submarine channel axes acting to confine the channel, 
they can reach several kilometres-wide and 10s of metres thick (Buffington, 1952; 
Normark et al., 1980; McHargue and Webb, 1986; Flood and Piper, 1997; Hiscott et 
al., 1997a; 1997b; Clemenceau et al. 2000; Migeon et al., 2000; 2001; 2004; 
Babonneau et al. 2002; 2010; Piper and Normark, 2001; Mayall and O’Byrne, 2002; 
Skene et al., 2002; Deptuck et al., 2003; 2007; Posamentier, 2003; Posamentier and 
Kolla, 2003; Schwenk et al., 2005; Wynn et al., 2007; Carmichael et al., 2009; 
Nakajima and Kneller 2013). External levees bound channel-belts can continue 
laterally for 10s of kilometres and comprise low density unconfined turbidity 
current deposits with sediment waves and crevasse deposits. 
Internal levees – Internal levees (sensu Kane and Hodgson, 2011) are also termed 
‘inner levees’ (Hübscher et al., 1997; Babonneau et al. 2004; 2010), ‘confined 
levees’ (Piper et al., 1999; Kane et al., 2007) and are often referred to as terrace 
deposits (Torres et al., 1997). Internal levees are levees that are acting confining a 
channel contained within a larger slope valley confinement, they have been 
documented in many ancient environments at outcrop (Hodgson et al., 2011; Kane 
and Hodgson, 2011), in seismic (Hübscher et al., 1997; Deptuck et al., 2003; 
Babonneau et al., 2004) and they have been characterised in core from the Zaire 
fan only (Babonneau et al., 2010). 
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Terraces – Are usually described as an erosion surface that forms as a channel 
migrates laterally. Often in deepwater studies the term terrace is also used to 
describe depositional units within a meandering channel (Torres et al., 1997; 
Babonneau et al., 2010), it is inferred that these deposits overly a flat erosional 
surface. The main morphological difference between terraces and internal levees 
is that internal levees are considered a later stage fill of a channel system, and they 
act to confine the channel. 
Abandonment drape – Abandonment drapes refer to both a low-density turbidite 
prone upper fill of an underfilled channel or slope valley (healing facies), and an 
areally extensive unit of very fined grained sediment (fine-siltstone, mudstone, 
claystone) that are often isopachous over 100s of km2. 
Sediment waves - Sediment waves and sediment wave fields are large-scale 
bedforms (with wavelengths between 0.2-7 km and heights between 10-60 m 
(Normark et al., 1980; Migeon et al., 2000; 2001; 2004)) that are commonly found 
on the outer bend external levees where flow stripping processes are dominant, as 
well as areas of the continental rise and slopes (Normark et al., 1980; Migeon et 
al., 2000; 2001; 2004; Lewis and Pantin, 2002; Droz et al., 2003; Posamentier and 
Kolla, 2003; Deptuck et al., 2007; Nakajima et al., 1998; Wynn and Stow, 2002).  
Frontal lobes - The term frontal lobe or frontal splay refers to the sediment body 
formed by the earliest deposits from unconfined flows in a deepwater system 
forming at the mouth of a feeder channel, they can only form where there is 
available accommodation on the slope and are often interpreted as the precursors 
to larger channel and/or canyon systems. Frontal lobes/lobe complexes are 
commonly preserved as remnants that have been partly removed by the basinward 
progradation of genetically-related channels (e.g. Brunt et al., 2013a). Often these 
frontal lobe remnants are later overlain by external levee deposits formed by 
overbanking flows moving through the channel as it progrades.  
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Crevasse lobes - Crevasse lobes/splays (or lateral lobes/splays) are sand-rich 
deposits that form in topographic lows, where sand-prone turbidity currents breach 
an existing levee commonly on the outer bend of a sinuous channel (Damuth et al., 
1988; Posamentier and Kolla, 2003; Fildani and Normark, 2004; Armitage et al., 
2012; Brunt et al., 2013b; Maier et al., 2013). 
Terminal lobes – Terminal lobes form down-dip of a distributary channel mouth, in 
the distal reaches of the distributive system, and are typically considered to be 
dominated by tabular, sheet-like sandstones. These sandstone units are variable in 
thickness and sedimentary facies, but show an overall thinning and fining trend 
towards distal areas. Similar to channels, four sub-environments of deposition are 
used to describe the internal sedimentary facies distribution within lobes and again 
these facies associations differ from each other by the degree of bed amalgamation 
and sand percentage: 1) lobe axis, forming in the centre of the lobe, consisting 
primarily of amalgamated sandstones; 2) lobe off-axis deposits, composed of 
stratified and laminated sandstones, form the transitional sub-environment 
between the lobe axis and the thinly bedded lobe fringe; 3) the lobe fringe 
comprises thin bedded sandstones and siltstone beds that are often rich in hybrid 
(or transitional) beds, and 4) distal lobe fringe environments, the most thinly 
bedded and siltstone prone lobe sub-environment (Prélat et al., 2009), lobe fringe 
deposits often resemble other thin-bedded successions, e.g. distal external levees. 
Outcrop based data collection and observations from the Tanqua depocentre Fan 3 
by Prélat et al., (2009) enabled the development of a hierarchical scheme for 
submarine terminal lobe deposits that can be applied to other basins, where: the 
bed scale refers to the smallest hierarchical unit of the lobe, several beds build to 
form a lobe element that in turn builds to form a lobe, and several lobes stack to 
form a lobe complex (Fig 1.7). 
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Figure 1.7: Hierarchical scheme for submarine lobe deposits, developed using data collected from 
Fan 3 in the Tanqua Depocentre, Karoo Basin (Prélat et al., 2009). It describes four hierarchical scales: 
bed, lobe element, lobe and lobe complex. The silt-prone interlobe deposits separate lobes and 
hemipelagic prone interlobe complexes separate lobe complexes (figure modified after Prélat et al., 
2009). 
1.1.4.2 The fill of submarine channel-levee systems 
Detailed descriptions of the fills of submarine channel-levee systems are increasing 
(Campion et al., 2000; Pickering et al., 2001; Gardner et al., 2003; Cronin et al., 
2005; Hodgson et al. 2011; MacCauley and Hubbard 2013; Figueiredo et al. 2013), 
However, the outcrop record tends to be biased toward those channel-fills that are 
particularly sand-prone and resistant to weathering, and seismic datasets reveal 
that submarine slope channels are commonly heterolithic-filled (Mayall et al. 2006). 
In addition, compelling examples of submarine levees identified at outcrop are rare. 
Sedimentary facies distributions in submarine slope channels-levee systems can be 
summarized as follows: 
 Slope canyon/major channel systems are comprised of a composite, basal 
incision surface that forms that channel belt. 
 The main bounding surface is overlain by mass flow deposits, commonly 
derived from the margins, and gravel grade channel lag deposits (and/or 
mudstone clast conglomerates). 
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 Sand-prone, amalgamated and bedded deposits overlie the mass flow 
deposits, with a sedimentary facies transition to thin-bedded ripple 
laminated deposits on the channel margin as the flows onlap and pinchout. 
 Levee successions typically fine- and thin-upwards, and fine and thin away 
from the channel axis, and can form inside the main erosion surface (internal 
levees) or outside the channel belt (external levees). 
 There is a general tendency for increasingly meandering internal channel-
fills in the upper section. A similar channel-fill succession is reported from 
offshore West Africa. 
1.2 Stratigraphic Evolution of Channel-Levee Systems 
Pirmez et al., (2000) postulated that channel- levee systems seek to attain an 
equilibrium profile whereby neither erosion nor sedimentation occurs. Ideally, 
when the equilibrium profile falls, negative accommodation results in sediment 
bypass and slope degradation, with initial levee construction (Kane et al., 2010a; 
Hodgson et al., 2011; McHargue et al., 2011). Subsequent flows carve a composite 
erosion surface that confines the basal part of the flows, resulting in sedimentation 
of disorganized relatively coarser grained facies inside the channel and continued 
levee aggradation (Kneller, 2003; Hodgson et al., 2011). As accommodation 
increases, aggradation dominates and channels stack vertically (Hodgson et al., 
2011; McHargue et al., 2011). When the composite erosional surface is at grade 
with the equilibrium profile, the channel migrates laterally widening the composite 
erosional surface (Kneller, 2003; Hodgson et al., 2011). As the equilibrium profile 
rises and accommodation space is created, the channel fill aggrades and internal 
levees develop until ultimately internal and external levees merge and the channel 
is abandoned (Hodgson et al., 2011)(Fig. 1.8). 
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Figure 1.8: Schematic figures showing the interpreted infilling of A) the Benin-major Canyon (modified after Deptuck et a., 2003) and B) the outcrop example of Unit D, 
from the Fort Brown Formation (modified after Hodgson et al., 2011), both show how the inner levees (equivalent of internal levees) of the Benin-major and the internal 
levees of Unit D occur during the later infilling stages of the slope valley. 
A) B) 
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1.2.1 Channel hierarchy and stacking patterns 
 
Figure 1.9: Schematic diagram showing the hierarchy used to describe the stratigraphic architecture 
of deep-water channels observed from the Karoo (modified from Di Celma et al., 2011 and Campion 
et al. 2005) A) Shows a channel element, these are the fundamental architectural elements in the 
deep-water systems. B) Shows a channel complex, which comprises two or more genetically linked 
channels stacking in consistent patterns, bounded by a composite erosion surface. C) Shows a channel 
complex set, which comprises two or more genetically linked channel complexes stacked to form a 
channel-complex set that is bounded by a composite surface at the base and by a regional 
abandonment surface at the top.  
Figure 1.9 shows a schematic illustration of a generic hierarchical, stratigraphic 
framework of deep-water channel-levee systems that is used for the description, 
understanding, interpretation and analysis of channel-levee systems based on 
Sprague et al., 2005, this hierarchical system can be used to define channel 
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elements, channel complexes and channel complex sets in seismic, outcrop and 
core datasets and allows for integration between datasets. Systematic changes in 
the symmetry and stacking patterns of component channels are illustrated in Figure 
1.10, these stacking patterns have been observed in all of the slope channelised 
units of the Fort Brown Formation, Laingsburg depocentre (Di Celma et al., 2011; 
Figueiredo et al., 2012). 
 
Figure 1.10: Channel stacking patterns as a result of variable lateral migration and aggradation. A) 
Shows the stacking patterns of high N:G symmetrical channel stacking as a result of lateral migration 
and aggradation. B) Shows the stacking patterns of high N:G asymmetrical channel stacking as a result 
of lateral migration and aggradation. Modified from Clark and Pickering, (1996), and Funk et al., 2012. 
  
A) 
B) 
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1.2.2 Processes That Form External Channel Levees 
Turbidity currents are highly stratified; the coarsest fraction travels close to the 
sea floor and is carried mainly through turbulence, while the finer portion travels 
towards the top as both suspended and turbulent load (Hiscott et al., 1997 a; 1997b; 
Peakall et al., 2000; Pirmez and Imran, 2003). As a turbidity current travels down 
slope, it thickens due to water entrainment (Komar, 1973; Birman et al., 2009); the 
flow thickness exceeds the channel relief and the current over spills, losing a 
portion of its suspended load to be deposited as channel levees (Hiscott et al., 
1997a; 1997b; Pirmez and Imran, 2003). The remaining flow preserves the coarser, 
denser load and entrains more water to balance the fluid properties and preserve 
its ability to continue flowing down the channel (Hiscott et al., 1997a; 1997b). 
Therefore a balance between thickening, over-spilling and entrainment is reached 
(Hiscott et al., 1997a; 1997b). As water entrainment and fine grained sediment loss 
continue, the flow becomes dilute resulting in thinner levees down slope, until 
eventually the flow becomes unconfined and relatively enriched in sand (Kneller, 
2003; Pirmez and Imran, 2003; Posamentier, 2003).  
Despite the relatively steep levee back slopes, over spilling flows are likely to 
decelerate quickly beyond the levee crest due to water entrainment and thickening 
(Pirmez and Imran, 2003; Kane et al., 2010a). These strongly depositional flows 
become progressively dilute and dissipate in a near exponential manner that is 
reflected in the resulting levee geometry (Talling et al., 2012; Nakajima and 
Kneller, 2013). The grain size in a particular level within a levee is a function of the 
relief between channel base and levee crest; higher levees will only allow the finer 
grained portion of the flow to over spill, while lower relief channels are likely to 
over spill coarser grained material (Hiscott et al., 1997a; 1997b; Pirmez and Imran, 
2003). Therefore, levee relief influences the grain size distribution further along 
the channel (Pirmez and Imran, 2003). Straub and Mohrig (2008) found that a change 
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in the rate of cross sectional thickness decay of the levees occurs when the levees 
were high enough to confine the portion of the flow with the highest gradient of 
suspended sediment concentration; which according to their experimental results, 
coincides with the velocity maximum. 
Silva (2011) found that some levees in the Amazon Fan grow in a back-stepping 
manner (up- stream accretion) while others grow by forward stepping (down- 
stream accretion). Each type of levee aggradation results in distinct channel- levee 
architectures that are evident in cross sectional views. According to Silva (2011) 
the different types of levee evolution can be explained in terms of either changes 
in the equilibrium profile (slope) or differences in properties of the flows that 
generated the different channel- levee systems.  
According to Komar (1973) external levees (sensu Kane and Hodgson 2011) will grow 
until they are capable of confining all but the largest flows, and will then be said 
to have reached an equilibrium relief. However, Peakall et al. (2000) determined 
that continuous frequent overflow is required to explain the presence of high relief 
levees along entire channel systems. The number of events that overflow channel 
levees and the relative timing of levee aggradation with respect to channel 
evolution and sedimentation remain uncertain. 
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Figure 1.11: Figure showing the three main processes that build levee deposits: A) Schematic figure illustrating flowstripping, modified from Peakall et al., 2000; B) Schematic 
figure illustrating overbank flow, modified from Kane and Hodgson, 2011; C) Schematic figure illustrating runup, modified from Straub et al., 2008 
Modified after Kane and Hodgson, 2011 
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1.2.3 The importance of understanding channel-levee systems 
 Submarine slope channel-levee systems are major geomorphological and 
sedimentary features. If you drained the oceans from Earth, and viewed our 
planet from space, one of the most identifiable geomorphic features would 
be the ‘submarine’ canyons and channel systems (similar long and sinuous 
channels were identified on Mars in the early days of astronomy). 
 Submarine channel-levee systems are responsible for feeding huge amounts 
of sediment derived from the continents and deposited in the deep oceans. 
This means that they have a major role in the distribution of sediment and 
the supply of nutrients, carbon, and oxygen to deep marine settings. 
 The sand that is trapped in the fill of submarine channels, and in the down-
dip submarine fan systems that they fed can form major hydrocarbon 
reservoirs. Exploration continues in ever deeper and more distal positions 
offshore Gulf of Mexico, and offshore west and east Africa where exploration 
wells cost hundreds of millions of US dollars. 
 Submarine slope channels are intriguing and complex systems. They have 
morphological similarities to rivers, but with different flow processes and 
architecture. They also develop in, and are sensitive to, a dynamic and 
understudied part of the Earth’s surface, the submarine slope. 
1.3 Methods and Datasets 
The dataset collected to complete this thesis includes a series of correlation panels 
constructed using logged sections and walked out correlations, complemented by 
research wells. Topographic ridges formed by sand-prone units with recessively 
weathered mudstone units (Wickens 1994; Grecula 2000; Grecula et al. 2003a) that 
allow regional mapping of slope units. Aerial-photographic interpretations (Google 
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Earth) have been integrated with field-based sedimentological and stratigraphic 
observations. All sedimentary logs are located by GPS, image logs and wireline logs 
were interpreted in terms of lithologies and internal lamination styles (by Yolanda 
Kolenberg, MSc student at TU Delft) and calibrated to core. 
A summary of the dataset includes: 
 Number of logged sections: 130 
 Cumulative thickness for main logs: 7615 m 
 Amount of core logged: 1,200 m (logged to cm scale detail) 
 Palaeocurrent measurements: ~400 
 Correlation panels: 8 panels covering a total distance of over 67.5 km 
1.4 Thesis Layout 
This thesis is composed of eight chapters. Chapters 5 and 6 are scientific papers 
that have been published in international peer-reviewed journals: 
o Chapter 1 presents the geological problem addressed in this research. 
o Chapter 2 introduces the general background to submarine channel-levee 
systems.  
o Chapter 3 presents the geological and stratigraphy of the study area. 
o Chapter 4 details the 4-D evolution of six channel complexes from Sub-unit 
C2 of the Fort Brown Formation, South Africa, where the integration of 
outcrop data, collected from both sides of a post-depositional syncline with 
behind outcrop research boreholes enables a high-resolution 
palaeogeographic reconstruction on the individual channel complex scale 
that is not possible with traditional datasets, this chapter has been prepared 
as a paper to be submitted to AAPG Bulletin. 
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o Chapter 5 is a paper that has been published in the Journal of Sedimentary 
Research (September, 2014): 
Morris, E.A., Hodgson, D.M., Flint, S.S., Brunt, R.L., Butterworth, P.J. and 
Verhaeghe, J., 2014, Sedimentology, Stratigraphic Architecture, and 
Depositional Context of Submarine Frontal-Lobe Complexes, Journal of 
Sedimentary Research, Vol. 84, Number 9, p. 763-780. 
In this paper a frontal lobe complex (cropping out as part of Sub-unit C3 of 
the Fort Brown Formation) is characterised and compared to a subsurface 
seismic example from the Nile Delta. 
o Chapter 6 is a paper that has been published in Sedimentology (October, 
2014): 
Morris, E.A., Hodgson, D.M., Brunt, R.L. and Flint, S.S., 2014, Origin, 
evolution and anatomy of silt-prone submarine external levées, 
Sedimentology, Vol. 61, Issue 6, p. 1734-1763. 
In this paper a suite of external levees and their constituent components are 
examined in detail and characterised from different stratigraphic intervals 
on the slope (cropping out as part of Sub-unit C2, Unit D, Sub-unit E2 and 
Sub-unit F2 of the Fort Brown Formation). 
o Chapter 7 examines the thin-bedded component of a slope valley fill (Unit 
D of the Fort Brown Formation) by integrating detailed outcrop correlations 
to a series of behind outcrop boreholes 
o Chapter 8 synthesises the conclusions of this work, with an outline of 
possible future work. 
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Chapter 2: Tectonostratigraphy of the 
Western Cape Province and SW 
Karoo Basin 
2.1 Introduction 
The study area forms part of the Permian-aged Laingsburg depocentre of the south-
western Karoo basin, Western Cape, South Africa (Fig. 2.1). The Palaeozoic to early 
Mesozoic tectonostratigraphic development of southern Africa can be related to the 
evolution of western Gondwana, however, Mesozoic regional strike-slip and 
extension tectonics has largely removed most of the detailed record of the 
Palaeozoic for this region. 
In the Western Cape, the basement consists of the Malmesbury Group (Fig. 2.2), a 
suite of metasedimentary rocks that have been intruded by the Cambrian aged 
granites of the Cape Granite Suite. This is overlain unconformable by two 
sedimentary mega-successions of Early Ordovician to Early Jurassic age. These two 
successions are separated by a major unconformity and were deposited in two 
laterally offset major sedimentary basins in southern Africa (Visser, 1997; Tankard 
et al., 2009); the Early Ordovician to Early Carboniferous Cape Basin and the 
unconformably overlying Late Carboniferous to Triassic Karoo Basin (Veevers et al., 
1994). The older, underlying Cape Supergroup (Cape Basin) comprises 8000 m of 
stratigraphy and includes the Table Mountain Group (shallow marine 
orthoquartzites), overlain by the deltaic sediments of the Bokkeveld and Witteberg 
Groups (see Fig. 2.2), the entire succession thickens towards the south into an east-
west trending depocentre (Rust, 1973; Turner, 1999). 
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Figure 2.1: A and B) Location map of South Africa highlighting the study area. C) Simplified Geology map of South Africa. D) Simplified Geology map crop of study area, near 
Laingsburg, Western Cape, with the Cape Fold belt and study area (near Laingsburg). Simplified Geology map is the Council for Geoscience Simplified Geological Map, (2003) 
(See Enclosure 1 for enlarged version).
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Figure 2.2: Lithostratigraphy of the Western Cape area (figure modified from Flint et al., 2011) 
The overlying Karoo Supergroup encompasses a 5.5 km thick succession recording 
the Late Carboniferous-aged glacial deposits of the Dwyka group, the deep-water 
Permian Ecca group and the fluvial Beaufort Group that records the end of the 
Permian, extending into the Triassic (Fig. 2.2). The Late Carboniferous to Early 
Permian period (300 – 280 Ma) was marked by the formation of a transpressive 
strike/slip basins that developed inboard of the oblique subduction of the palaeo-
Pacific plate under western Gondwana (Fig. 2.3) (Visser and Praekelt, 1996); the 
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Sierra Australis-Colorado basins (Argentina), the Karoo-Falklands basin and the 
Central Transantarctic Mountains (Visser and Praekelt, 1996) where thick 
accumulations of glacial sediments deposited (e.g. the Dwyka Group in the Karoo). 
The study section (Permian-aged, Fort Brown Formation, part of the Ecca Group) is 
post-glacial however, other areas of Gondwana only developed a glaciogenic record 
in the early Permian (Rygel et al., 2008) as glacial systems were dominant across 
most of southern Gondwana, with the interior of the supercontinent covered by the 
Gondwanan Ice Sheet (Visser and Praekelt, 1996). Following this, in the Early-to-
Late Permian, Visser and Praekelt (1996) suggest that a foredeep developed along 
these basins, suggesting a gradual change from an extensional strike-slip regime to 
a compressional one, this transition has been attributed to the onset of crustal 
shortening (Visser and Praekelt, 1996). Many authors (De Wit and Ransome, 1992; 
Veevers et al., 1994; López-Gamundí and Rossello, 1998) interpret that the Karoo 
and the other major southern Gondwana basins (e.g. Paraná, Beacon and Bowen 
Basins) formed in response to accretion tectonics along the oblique palaeo-Pacific 
subduction margin beneath Gondwana resulting in the formation of a magmatic arc 
and retro-arc fold-thrust belt see Figure 2.4 (Veevers et al., 1994; Visser and 
Praekelt 1996). 
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Figure 2.3: Palaeogeographic reconstruction of Gondwana during the Late Permian and the position 
of the major Permian sedimentary basins, the main Karoo Basin is highlighted in orange (modified 
from Faure and Cole, 1999) 
 
Figure 2.4: Schematic sketch showing the formation of the Karoo basin as a retro arc foreland basin, 
in front of the palaeo-Pacific plate subduction zone, the Karoo basin forms as a result of dynamic 
subsidence due of crustal loading of the accretionary arc over the subduction zone (after Visser and 
Praekelt, 1996). 
It has previously been suggested that the Karoo Basin developed as a retroarc 
foreland basin with the present-day fold-thrust belt of the Cape Fold Belt lying 
along the southern margin of the basin (De Wit and Ransome, 1992; Cole, 1992; 
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Catuneanu et al. 1998; Catuneanu, 2004), however, recent provenance analyses 
(Johnson, 1991; Andersson et al., 2004; van Lente, 2004), radiometric dating 
(Fildani et al., 2007; 2009) and tectonostratigraphic analyses (Tankard et al., 2009) 
suggest that the Cape Fold Belt is largely a Triassic-aged feature and that only the 
upper Beaufort Group and above match with the present day Cape Fold Belt as a 
sedimentary source (van Lente, 2004). 
Tankard et al. (2009) interpreted Karoo Basin subsidence during Ecca time as a 
result of dynamic subsidence by mantle flow, complicated by the vertical 
detachment of basement blocks (Fig. 2.5). An important point is that at Ecca Group 
time there was no source area nearby and subsidence was not driven by asymmetric 
crustal loading. There are no direct microfaunal indicators for palaeobathymetry 
for the turbidite succession but a simple estimate of the uncompacted thickness of 
the succession from basin floor fans to first deltaic deposits implies an approximate 
water depth of 1200-1800 m.  
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Figure 2.5: Model for the 
evolution of the Cape and Karoo 
basins. (A–D) Saldanian orogeny 
and Cape basin, (E–F) regional 
uplift and early Karoo basin 
(Dwyka–Ecca–lower Beaufort), 
and (G–H) Cape strike-slip 
orogeny and late Karoo basin 
(upper Beaufort–Stormberg). 
Modified from Tankard et al., 
2009. 
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Each tectonic episode consisted of uplift, local fault-controlled subsidence and 
large scale regional subsidence with only minor brittle deformation. The principal 
episodes of basin formation were Dynamic topography was determined by first-
order crustal faults and vertical motion of basement blocks due to mantle flow. 
Major subsidence in the Ordovician, Devonian and Permian is attributed to 
lithospheric deflection which suggests that mantle flow was coupled to palaeo-
Pacific subduction. 
2.2 Karoo Stratigraphic Framework 
2.2.1 The Dwyka and Lower Ecca Groups 
The late Carboniferous Dwyka Group (Fig.2.7) comprises a succession of diamictites, 
varves and glacio-fluvial deposits up to 800 m thick, it marks the beginning of Karoo 
sedimentation at ~300-310 Ma (Visser, 1997). Zircons dated from volcanic ash beds 
immediately overlying the Dwyka record the end of the glacial period at this 
location at approximately 289 +/- 3.8 Ma (Bangert et al., 1999). 
The Dwyka is overlain by the Prince Albert Formation (<180 m thick), a deposit 
predominantly composed of claystone, chert-rich claystone and carbonate beds. 
The 30 m thick, organic-rich, clastic and oxygen starved marine Whitehill Formation 
overlies the Prince Albert Formation. The lack of clastic material in the condensed 
Whitehill deposit suggests the lack of a clastic source area nearby supporting the 
concept that the Cape Fold Belt was not present or actively uplifting during the 
deposition of the Whitehill. Overlying the Whitehill Formation is the Collingham 
Formation (Fig. 2.1 and 2.6), a 30-70 m thick deposit of rhythmically interbedded 
claystone, siliciclastic turbidites and volcanic ash beds. Within the Collingham 
Formation is the uniformly thick Matjiesfontein chert bed that has been correlated 
regionally in both the Laingsburg and Tanqua depocentres. 
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Figure 2.6: Photograph showing the Whitehill Formation, overlain by the Collingham Formation, near 
Laingsburg, SW Karoo Basin. Modified from Catuneanu et al., 2005 
2.2.2 Vischkuil Formation 
The Vischkuil Formation overlies the Collingham Formation is up to 270 metres 
thick. It is the first recorded sand deposit on the basin floor, it reaches 270 m 
thickness and is broadly subdivided into two units, the lower Vischkuil Formation 
and the upper Vischkuil. The lower Vischkuil is an undeformed, laterally extensive 
deposit with palaeocurrent indicators from the southeast, whereas the upper 
Vischkuil was derived from the southwest and contains three major slide/debrite 
deposits that decrease in volume towards the east (Van der Merwe et al., 2009).The 
Vischkuil is overlain by the sandstone dominated Unit A basin floor fan system of 
the Laingsburg Formation.  
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Figure 2.7: Detailed stratigraphic column highlighting the units and sub-units of the Fort Brown Formation (See Enclosure 2 for enlarged version), modified from Flint et al. 
2011. Chapter 4 concentrates on Sub-unit C2, Chapter 5 examine the datasets from sub-unit C3 and Unit D, Units C-F are discussed in chapter 6 and Units C2 and D are 
examined in Chapter 7. 
 
 
38 
 
2.3 Laingsburg Depocentre Stratigraphy – Laingsburg 
and Fort Brown Formations 
The basin-floor to upper-slope succession of the Laingsburg and Fort Brown 
Formations records a progradational succession that is >1.4 km thick (Flint et al., 
2011; Fig. 1) and crops out along a series of east-west trending, eastward plunging, 
post depositional anticlines and synclines, near the town of Laingsburg, Western 
Cape, South Africa. The basin-floor and base-of-slope fan systems of the Laingsburg 
Formation (Units A and B; e.g., Sixsmith et al. 2004 ; Brunt et al. 2013a; Prélat and 
Hodgson 2013) conformably overlies the Vischkuil Formation and is overlain by the 
muddy submarine slope succession of the Fort Brown Formation (Units C-G; Grecula 
et al. 2003a; Figueiredo et al. 2010, 2013; Hodgson et al. 2011; Di Celma et al. 
2011), which is the focus of this study (Fig. 2.7). The sandstone rich units of the 
Fort Brown Formation comprise slope channel-levee systems (Grecula et al. 2003b; 
Figueiredo et al. 2010; Hodgson et al. 2011; Kane and Hodgson 2011; Di Celma et 
al. 2011), which form prominent ridges separated by recessively weathered regional 
mudstone units. 
2.3.1 Laingsburg Formation, Unit A 
The lower 150 – 350 m of the Laingsburg Formation is composed of the sandstone-
dominated succession herein referred to as Unit A. Extensive studies by Sixsmith 
(2000) resulted in a subdivision of Unit A into seven sandstone-dominated packages 
15 - 100 m thick (A1-A7) that are also separated by regional mudstone packages 1 - 
15 m thick. Unit A comprises tabular sandstone beds that are interpreted as 
submarine, basin-floor lobe deposits (Sixsmith et al., 2004). Unit A is overlain by a 
40 m thick regionally extensive mudstone (A-B mudstone) that has been correlated 
for up to 90 km down-dip, this mudstone separates it from overlying Unit B. Within 
the A-B mudstone is a fine-grained sandstone unit that lies c.10 m below the base 
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of Unit B and reaches a maximum thickness of 15 m. It has been interpreted as a 
distributary channel-lobe complex as it records both distributive and channelised 
characteristics. 
2.3.2 Laingsburg Formation, Unit B 
Stratigraphically, Unit B overlies the basin floor fan system of Unit A and is overlain 
by over 500 m of levee-confined channel-levee slope systems, suggesting that was 
deposited in a base of slope setting (Grecula et al.,2003, Flint et al., 2011; Brunt 
et al., 2013b). Unit B comprises sandstone-dominated lower slope/base of slope 
deposits that records a down-dip evolution from weakly confined channels to a more 
distributive deposit and is overlain by a levee complex related to a lower slope 
channel-levee complex. It is composed of three sub-units; B1, B2 and B3. On the 
southern limb of the Baviaans syncline B1 is recorded as a channel complex that 
incised through a lobe complex (sensu Prélat et al., 2009), the overlying Sub-unit 
B2 comprises by two stacked channel complexes, which are overlain by a levee 
complex (Sub-unit B3). 
2.3.3 Fort Brown Formation, Unit C: 
Unit C represents the beginning of slope deposition in the study area and it is the 
first unit of the Fort Brown Formation. Unit C is the lowstand sequence set and 
comprises three sequences and their lowstand systems tracts; sand-prone Sub-units 
C1, C2, and C3 (Di Celma et al. 2011; Flint et al. 2011). These are separated by two 
mudstones that have been mapped regionally and represent the transgressive and 
highstand systems tracts; the lower C mudstone, a ~2 m thick regional drape 
separates C1 and C2 and the upper C mudstone is ~8 m thick and separates C2 and 
C3. Di Celma et al. (2011) mapped and documented a basinward progradational 
trend from Units C1 to C2, with a landward stepping/retrogradational component 
during the deposition of C3, according to Flint et al., (2011), this suggests a waxing 
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then waning of overall flow energy and volume during Unit C time. C2 comprises a 
levee-confined channelised system that incises through C1 and 30 m of the 
underlying mudstone between B and C1 in proximal areas of the Baviaans syncline 
(Hodgson et al. 2011; Di Celma et al. 2011) (Fig. 2.8 and 2.9). C2 comprises a levee-
confined channelised system that incises through C1 and 30 m of the underlying 
mudstone between B and C1 (Fig. 2.8 and 2.9). Sub-unit C1 is generally between 
10-15 m thick, it is comprised of sandstone prone thin-bedded heterolithics 
becoming more siltstone prone upwards; it has been interpreted as a frontal lobe 
deposit with an overlying levee (Di Celma et al. 2011). C1 attains a maximum 
depositional thickness of 50 m as a terminal lobe deposit in the Zoutkloof area (Fig. 
2.1 and 2.9). Sub-unit C2 is between 5-95 m thick, largely comprising thin-bedded 
sandstones and siltstones interpreted as external levee deposits (sand-rich and up 
to 42 m thick) adjacent to channels filled with thick-bedded, structureless 
sandstones, thin-bedded channel margin and thin-bedded internal levee deposits 
(Fig. 2.9). Sub-unit C3 has been interpreted as a frontal lobe complex and is usually 
between 1-10 m thick, however, it too attains a maximum thickness of >50 m in the 
proximal Baviaans area (Fig. 2.8 and 2.9).  
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Figure 2.8: Simplified sedimentary log showing the three sub-units of Unit C, three-dimensional fence panel summarising the lateral and vertical distribution of depositional 
elements within Unit C (vertical exaggeration x10), the lines in the map correspond to the spatial distribution of the correlation panels. The red and blue boxes indicate the 
position of correlation panels used in Chapter 4. Modified after Di Celma et al., (2011) (See Enclosure 3 for enlarged versio
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Figure 2.9: Plan-view and block diagrams showing the depositional model for Unit C modified after Di 
Celma et al. (2011). A) Sub-unit C1 was fed by the southern entry point recording a proximal, weakly 
incised, levee-confined channel belt and its downdip distributive frontal splays. Isopach contours at 
10 m intervals. B) Sub-unit C2 was fed by two entry points, consists of more entrenched and sinuous 
channel–levee complex set in the southern and central study areas and a distributive system in the 
northern study area. Isopach contours at 10 m intervals. C) Sub-unit C3, which was sourced from two 
separate entry points, consists of a coarsening- and thickening-upward frontal lobe complex. Isopach 
contours at 4 m intervals. 
2.3.4 Fort Brown Formation, Unit D: 
Unit D is interpreted as a lowstand sequence set (Flint et al. 2011). In the proximal 
area of the Baviaans syncline, Unit D crops out as a 2 km wide, >100 m deep, 
entrenched slope valley (Hodgson et al. 2011)(Fig. 2.10). This slope valley is filled 
by a succession of complicated stratigraphy, with multiple, erosion surfaces and 
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abrupt lithofacies changes, bounded by a composite erosion surface and external 
levees; a 70 m (maximum) thick western levee and a 40 m (maximum) thick eastern 
levee (Kane and Hodgson, 2011; Hodgson et al. 2011). In down-dip areas, Unit D 
becomes less entrenched, confined by external levees (Brunt et al. 2013b) before 
transitioning to unconfined terminal lobe deposits over a distance of >80 km.  
 
Figure 2.10: CD Ridge correlation panel recording a Unit D slope valley, at the CD Ridge cropping out 
on the southern limb of the Baviaans syncline approximately 14km from the town of Laingsburg, RSA. 
Modified from Hodgson et al., (2011) (See Enclosure 4 for enlarged version). 
2.3.5 Fort Brown Formation, Units E and F 
Unit E and Unit F, with their overlying regional mudstones (E-F and F-G), each 
comprise a lowstand sequence set of a composite sequence, with each lowstand 
sequence set comprising three sequences (Flint et al. 2011). The lowstand systems 
tracts to these three sequences in Unit E are the sand-rich Sub-units E1, E2 and E3 
(Figueiredo et al. 2010). Sub-unit E1 has been mapped regionally as a 4-10 m thick 
sand-rich unit comprised of thin and thick-bedded sandstones with small, shallow, 
localised scours and erosion surfaces (Figueiredo 2009). It has been interpreted as 
a transient intraslope lobe (Figueiredo 2009; Figueiredo et al. 2010) and is 
separated from E2 by an extensive intra-unit mudstone ~1 m thick, known as the 
lower E mudstone. Sub-unit E2 is 1-30 m thick and it is dominated by sandstone rich 
heterolithics that overlie or are truncated by erosion surfaces. Due to a 
predominance of climbing ripple lamination, the wedge-shaped geometry of the 
heterolithic deposits and the higher rates or incision (E2 cuts through E1 in several 
localities), E2 is interpreted as levee/overbank material adjacent to east-west 
trending channels (Figueiredo 2009; Figueiredo et al. 2010, Flint et al. 2011). 
Another ~1 m thick regionally mapped mudstone known as the upper E mudstone 
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separates E2 and E3. Sub-unit E3 is between 30-60 m thick and is the thickest of the 
sub-units in E. It is comprised of thick-bedded sandstones deposited within erosion 
surfaces and both sandstone and siltstone prone heterolithics with a wedge-shaped 
geometry. E3 has been interpreted as a large incisional (east-west trending) channel 
system confined by external levees that thin and fine to the south (Figueiredo 2009; 
Figueiredo et al. 2010; Flint et al. 2011). 
A 15-20 m thick regional mudstone drape separates E and F. Similar to Unit E, the 
sub-units in F (F1, F2 and F3) are also separated by two, 1 m-thick internal 
mudstones that have been mapped regionally (Figueiredo 2009; Figueiredo et al. 
2010; 2013). Sub-unit F1 has been mapped regionally as a <10 m thick siltstone-rich 
unit comprised of thin-bedded heterolithics with localised coarsening upwards 
sections (Figueiredo et al. 2010). It has been interpreted as non-erosive sheet like 
deposits, likely to have been deposited as the fringe to a distributive system 
(Figueiredo 2009; Figueiredo et al. 2010; 2013). Sub-unit F2 is 25-100 m thick and 
it is dominated by sandstone and siltstone thin-bedded heterolithics that either 
overlie, or are truncated by, erosion surfaces, some of which are large-scale (>100 
m deep). The wedge-shaped geometry of the heterolithic deposits and their 
stratigraphic position adjacent to deeply incisive erosion surfaces has led to F2 
being interpreted as an external levee succession adjacent to east-west trending 
channels and a slope valley (where it has cut through into Unit E) (Figueiredo 2009; 
Figueiredo et al. 2010; 2013: Flint et al. 2011). Sub-unit F3 is between 15-60 m 
thick and is the thickest of the sub-units in F. Sub-unit F3 is dominated by medium 
and thin-bedded heterolithics that are truncated by several erosion surfaces. The 
erosion surfaces in F3 have been interpreted as the bases of east-west trending 
slope channels and the lateral medium and thin-bedded deposits are interpreted as 
external levees (Figueiredo 2009; Figueiredo et al., 2013). The depositional Units 
A-F record a progradational slope system, with Unit A representing the basin floor 
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fan system, shallowing up to the base-of-slope (Unit B), lower slope (Unit C and D) 
and the upper slope (Units E and F) as shown on the schematic submarine slope 
block diagram of Figure 2.11. 
During the deposition of Units B, C and D a long-lived entry point existed towards 
the SW of the closure of the Baviaans syncline (Brunt et al. 2012a; Di Celma et al. 
2011; Hodgson et al. 2011) supplied sediment gravity flows into the Laingsburg 
depocentre. The most proximal deposits are preserved in the Baviaans area and the 
more distal areas are towards the north to northeast (Heuningberg area). However, 
during the deposition of Unit E, the point source shifted northwards with proximal 
incisional channels identified in the Zoutkloof and Heuningberg areas (Figueiredo 
et al. 2010; 2013). Whilst throughout the deposition of Unit F, major erosive 
channels have been identified in both northern and southern areas (Figueiredo et 
al. 2013). 
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Figure 2.11: Schematic channel-levee system block diagram showing the stratigraphic distribution of Units A-F.  
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Continued progradation is marked by the ~400-m-thick lower Waterford Formation, 
which comprises a mixed river- and wave-influenced shelf delta succession (Oliveira 
et al., 2011; Jones et al., 2013). The lower Waterford Formation comprises eight 
regionally correlated stratigraphic units, which are named Waterford clinothems 
(WfC) 1-8, and are separated from the underlying channelised slope succession (the 
Fort Brown Formation) by a regionally extensive 80-m-thick mudstone marker unit 
(Jones et al. 2013). The Ecca Group is overlain by the Beaufort Group, which is a 
thick and extensive Permo–Triassic fluvial sedimentary succession (Veevers et al., 
1994; Johnson et al., 1997; Rubidge et al., 2000; Cole and Whipplinger, 2001). 
2.3.6 Correlation to the Tanqua Depocentre 
The Matjiesfontein Chert within the Collingham Formation, is present in both the 
Laingsburg and Tanqua depocentre. Deposition in the Laingsburg depocentre 
continued as there is 270 m of stratigraphic thickness from the Matjiesfontein Chert 
to the base of the Laingsburg Formation turbidites. However, in the Tanqua 
depocentre there is approximately 800 m of Tierberg mudstone between the 
Matjiesfontein Chert and the base of Fan 1 (Fig. 2.12). A second basinwide marker, 
a condensed mudstone overlying Unit 5 in the Tanqua area is correlated to a similar 
condensed mudstone above Unit F in the Laingsburg depocentre. This suggests that 
deep-water sand deposition was initiated in the Laingsburg depocentre during a 
time that the Tanqua depocentre was sand-starved. Over time, modification of the 
sand delivery system routed sand into the Tanqua area subsequently resulting in 
sand deposition in both the Laingsburg and Tanqua depocentres (King et al., 2008). 
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Figure 2.12: Regional correlation between the Laingsburg and Tanqua depocentres, indicates that 
deep water sand deposition initiated in the Laingsburg area (Modified from King et al., 2009) 
2.4 Integrated outcrop and subsurface dataset: SLOPE 
project Background and Introduction 
Project rationale: Three-dimensional reflection seismic datasets can image 
extensive lateral areas allowing regional mapping and correlation, however, until 
recently, the main limitation of seismic-based models has been poor vertical 
resolution of data, where sediment bodies thinner than 20-30 m could not be 
imaged reliably and the relief on key stratigraphic surfaces was difficult to constrain 
accurately. Conversely, outcrop datasets have the advantage of extremely high 
vertical resolution, but in many exhumed sedimentary basins post-depositional 
structural complexities obscure the complete vertical profile and often the lateral 
extent of the outcrops are limited, reducing the ability to map regional surfaces 
and analyse the continuity of sediment bodies. Outcrop analogue studies, such as 
the SLOPE project, are designed to increase understanding of and ability to predict 
the spatial and temporal evolution of sedimentary basins margins in terms of the 
changing nature of depositional systems, sites of major sand deposition and the 
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architecture of stratigraphic sequences at multiple scales. The Karoo Basin outcrops 
are nearly unique in allowing a multi-scale analysis from regional exploration 
seismic scale to development well scale, thus allowing detailed observations to be 
placed in a basin scale framework. 
The rationale for the SLOPE Phase 3 project, which ran from 2009-2012, built on 12 
years of previous work by the Stratigraphy Group, who have focussed on 
characterizing the complete stratigraphic record of the Permian aged Ecca Group 
of the Laingsburg depocentre, recording the evolution of the basin from deep water 
basin plain to shelf edge delta, cropping out near the town of Laingsburg, South 
Africa. Previously, the generalised stratigraphy and several of the stratigraphic 
units have been described in detail in the literature (Grecula et al., 2003a; Sixsmith 
et al., 2004; Van der Merwe et al., 2009; Figueiredo et al. 2010; 2013; Hodgson et 
al., 2011; Di Celma et al., 2011; Flint et al., 2011; Brunt et al. 2013a; 2013b). 
Several questions remained after SLOPE phase 2 and in order to address these 
questions the SLOPE 3 project was organised into three specific strands of enquiry: 
Strand 1. Down-hole characterization of the slope channel elements of Units C and 
D of the Fort Brown Formation through the coring and wireline logging of 
a series of behind-outcrop research boreholes through channel-levee 
stratigraphy 
Strand 2. Regional exploration-scale analysis of down- and across-slope variations 
in stratigraphy and sand-supply 
Strand 3. The stratigraphic transition from upper slope to shelf stratigraphy of the 
Waterford Formation. 
The work incorporated into this thesis forms part of the Strand 1 section of the 
SLOPE 3 project. The focus of this research is to investigate channel-levee 
complexes on an exhumed ancient slope system concentrating on Units C and D of 
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the Fort Brown Formation (within the Ecca Group), Karoo Basin, South Africa. 
Extensive work as part of the earlier SLOPE 2 project focussed on units C and D 
cropping out 14 km west of the town of Laingsburg, on the south limb of the 
Baviaans syncline, at an outcrop termed the CD Ridge where Unit D forms a deeply 
entrenched slope valley with ~100 m of vertical incision, cutting through the whole 
Unit C stratigraphy. This D aged slope valley flowed towards the east, along what 
is now the centre of the syncline. At outcrops along the northern limb, Unit D crops 
out as a thick succession of thin-bedded and siltstone-prone deposits interpreted as 
proximal external levee. During SLOPE 2, a detailed correlation panel was 
constructed using 180-measured sections logged at 20 m intervals for ~4 km lateral 
distance and key surfaces where mapped out between logs (Hodgson et al. 2011). 
For SLOPE 3, this dataset was the justification to drill six behind the outcrop 
boreholes; 1.2 km of core in total – the entirety of which has been logged to cm 
scale detail. The boreholes were drilled at strategic locations west to east along 
the SLOPE 2 C-D ridge correlation panel: 
Bav 1a: Drill site location chosen at a point that would be likely to capture a highly 
channelised portion of Sub-unit C2 and the proximal external D levee. 
Bav 2: Chosen as it was suspected to be the approximate location of the steepest 
margin of the Unit D slope valley. Due to operational problems no well logs 
were run in this borehole. 
Bav 3:  Chosen to capture what was interpreted as the youngest sand rich channel 
axis within the D slope valley. 
Bav 4:  Drill site location chosen with a view to capture laterally migrating channel 
bodies and internal levee material within the entrenched valley cut. 
Bav 5: Drill site chosen to with a view to capture laterally migrating channel bodies, 
associated channel margin and internal levee material within Unit D. 
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Bav 6:  Chosen to capture the entire stratigraphy of Unit C and the shallow margin 
of the Unit D slope valley. 
2.4.1  Drilling the research boreholes 
The drilling of the six research boreholes between June and October 2009 had the 
primary objective to characterise the subsurface components of the Unit C and D 
channel systems of the CD Ridge. These wells were fully cored, with a 3½ inch 
diameter, the hole was then reamed to a 4½ inch diameter; slim hole FMS, gamma 
ray and sonic data were collected. The wireline logging was completed by 
Schlumberger Cape Town between 20th-30th October, 2009. Well-site geology during 
the drilling was undertaken by Dr De Ville Wickens. Overseeing of the wireline 
logging operation and all subsequent analysis and interpretation of the well logs 
and image logs was undertaken by TU Delft, coordinated by Professor Stefan Luthi. 
Drilling locations were selected to optimally sample the different elements of a 
slope channel-levee system (Fig. 2.13); the laterally stepping and vertically 
aggrading channel elements, channel margin, intra channel slump, frontal lobes, 
external levees, internal levees, as well as a hierarchy of the stratigraphic key 
surfaces, all of which have been observed at outcrop. 
 
Figure 2.13: (overleaf) The CD ridge correlation panel (Hodgson et al. 2011) with the approximate 
position of the behind outcrop research boreholes and their distance apart. 
The cores, drilled perpendicular to structural dip (deviated from the surface), are 
between 148-272 metres along-hole depth and spaced at 100 – 800 m intervals; from 
west to east the wells are referred to as Bav 1A, Bav 2, Bav 3, Bav 4, Bav 5 and Bav 
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6 (Figs. 2.13 and 2.14). Bav 2 was not logged as there were problems reaming the 
borehole following the removal of the core. 
 
Figure 2.14: Photographs A-C show the drilling at the CD Ridge, whilst photos E and F show the 
wireling logging process by Schlumberger and photo G shows the capped well when all the data has 
been collected. 
After all the cores were drilled (Fig. 2.14), they were transported from Laingsburg 
to Pretora, to the National Core Library owned and operated by the Council for 
Geoscience, South Africa, where they were prepared for slabbing and polishing, as 
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shown in the photographs of Figure 2.15. It was at this facility that the detailed 
description of each of the cores was completed after each core was cut and polished 
(Fig. 2.15). 
 
Figure 2.15: A series of photographs (A-E) showing the preparation of the cores for slabbing and 
polishing. F) Shows the finishing cores ready for high-resolution logging.
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Chapter 3: Thesis Rationale 
Sand-prone submarine channel-fills and lobes have been widely studied in modern 
and ancient systems for both academic and industry purposes (e.g. Bouma 1962; 
Mutti and Normark 1991; Posamentier et al. 1991; Mayall and Stewart 2000; Weimer 
et al. 2000; Gardner et al. 2003; Posamentier 2003; Posamentier and Kolla 2003; 
Hodgson et al. 2006; Pyles et al. 2008; McHargue et al. 2011; Romans et al. 2011). 
The architecture and evolution of deep-water channel-levee systems have been 
detailed using seabed imaging techniques (Torres et al., 1997; Maier et al., 2011; 
2013) and high-resolution reflection seismic datasets (McHargue and Webb, 1986; 
Badalini et al., 2000; Babonneau et al., 2002; Abreu et al. 2003; Deptuck et al., 
2003; Posamentier, 2003; Posamentier and Kolla, 2003; Babonneau et al., 2004; 
Schwenk et al., 2005; Mayall et al., 2006; Deptuck et al., 2007; Kolla, 2007; Cross 
et al., 2009; Catterall et al., 2010; Armitage et al., 2012). However, detailed 
characterisation of the sedimentology and stratigraphy of these systems requires 
detailed, ‘sub-seismic’, data to be collected from outcrops and behind outcrop 
boreholes. Submarine channels are not the only component of a submarine slope of 
interest to both academic and industry study, for example, levees (both internal 
and external levees) and frontal lobes, both of which have been identified in seismic 
studies and are herein investigated in high-resolution utilising the extensive 
outcrops of the Fort Brown Formation, South Africa. 
3.1. How can the 1D record of submarine channel-levee 
evolution be used to improve 3D predictions? 
Rationale: In the hydrocarbon industry, 1-D core and well-log data are collected to 
supplement and support 2-D and 3-D interpretations of seismic facies data and to 
constrain lithology and sedimentary processes, and to improve depositional models. 
As oil and gas exploration and production moves into more challenging 
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environments, such as sub-salt, sub-basalt and sub-ice settings, so the need to 
reduce uncertainty in the prediction of sandbody geometry and connectivity away 
from the well becomes more pertinent. Outcrop analogue datasets are used to 
extrapolate and up-scale observations collected in 1-D datasets (Badescu et al., 
2000; Blikeng and Fugelli, 2000). Comparing and contrasting outcrop analogue 
studies to subsurface datasets is an important tool in predicting depositional 
architecture, bed geometries, connectivity and sand distribution within channelised 
systems (Amy et al., 2000; Badescu et al., 2000; Blikeng and Fugelli, 2000; Campion 
et al., 2000; Clark and Gardiner, 2000; Pickering and Corregidor, 2000; Gardner et 
al., 2003; Beaubouef, 2004; Hodgson et al. 2011; Brunt et al., 2013b). Although 
these studies help to constrain the distribution and lateral variation of sedimentary 
facies within channel-fills, channel-scale stacking patterns, and their detailed 
stratigraphic relationship with adjacent levee/overbank deposits, they have limited 
3D control, or calibration with subsurface datasets. The up-scaling from 1D datasets 
to 3D space is notoriously problematic (Amy et al., 2000) and there are few datasets 
or studies that allow 1D detailed characterisation of channels that can be directly 
correlated and integrated to a 2D outcrop (Pickering and Corregidor, 2000), that in 
turn has 3D control. 
The extensive outcrops of the Fort Brown Formation, cropping out on both limbs of 
the post-depositional Baviaans syncline enable a high-resolution study and 
palaeogeographic reconstruction of the Sub-unit C2 channel-levee complex set 
(terminology after Sprague et al., 2002), with 3-D constraints. 
3.2 How can the sedimentary process record of thin-
bedded turbidite successions be used to differentiate 
depositional environments? 
Rationale: In recent years, the submarine slope, especially its submarine channel 
environments, has become a focus of industrial and academic study, with an 
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increased need to characterise and understand these systems in part to better 
exploit them as hydrocarbon reservoirs (Weimer et al., 2000; Pirmez et al., 2000; 
Posamentier and Kolla, 2003; McHargue et al., 2011). Thin-bedded successions 
comprise the greatest volume and cover the largest area in the stratigraphic record 
of ancient submarine slope systems. The importance of differentiating thin-bedded 
successions has been long appreciated (Mutti 1977; Walker 1985). However, thin-
bedded successions occur within the confinement of channel-belts, as channel 
margin (e.g. McHargue et al. 2011; McCauley and Hubbard 2013), internal levee 
(e.g. Kane and Hodgson, 2011) and/or terrace deposits (e.g. Babboneau et al. 
2010), abandonment deposits, mass flow deposits; and outside channel confinement 
areas as external levees (e.g. Kane et al. 2007), and the fringes of intraslope lobes 
(e.g. Prélat et al. 2009). As such, a key tool in understanding the process evolution 
and depositional architecture of submarine channel-levee systems is to develop 
sedimentological and stratigraphical criteria to discriminate between different 
depositional environments. Accurate identification of depositional environment and 
relationship with axial facies has become increasingly important where data are 
limited to low-resolution and/or 1-D borehole datasets. 
Thin-bedded successions outside channel confinement areas are more readily 
constrained from seismic data than thin-bedded deposits within channel-belts. For 
example external levees are commonly identified due to their position adjacent to 
channels and their distinctive wedge-shaped geometry (Buffington, 1952; Normark 
et al., 1980; Piper and Normark, ,1983; Flood et al., 1997; Hiscott et al., 1997a; 
1997b; Piper and Normark, 2001; Skene et al., 2002; Deptuck et al., 2003; 
Posamentier, 2003; Posamentier and Kolla, 2003; Schwenk et al., 2005; Kane et al. 
2007; 2008; 2009; 2010; Kane and Hodgson, 2011). Lobe fringe deposits are found 
in locations distal to a feeder channel, usually in basin-floor settings (Prélat et al., 
2009). However, thin-bedded deposits within channel confinement areas are 
 57 
 
generally poorly imaged in seismic datasets, where up to 70% of conduit-fill can be 
a dim seismic facies that is inferred to be heterolithic (Hübscher et al., 1997; Torres 
et al., 1997; Babonneau et al., 2002; Pichevin et al., 2003; Babonneau et al., 2004, 
Deptuck et al., 2003; 2007; Babonneau et al., 2010). However, heterolithic strata 
inside the channel master bounding surface will incorporate both channel margin 
and internal levee deposits. Channel margin deposits are deposited within a channel 
element cut/erosion surface, they are often dominated by thin-bedded sandstone 
and siltstone deposits that onlap onto the channel erosion surface (Pringle et al., 
2010; McHargue et al. 2011; MacCauley and Hubbard 2013). An internal levee is 
defined as a constructional feature deposited within the confines of a channel belt 
and its confining surface (Kane and Hodgson, 2011), they are often confined by both 
a channel-belt confinement surface and external levees. 
Internal levees are rarely characterised at outcrop as they are often poorly exposed 
as a result of their thin-bedded nature rendering them more prone to weathering 
recessively (Hodgson et al., 2011; Kane and Hodgson, 2011). There are few 
published examples of core data recording internal levees and channel margin 
environments, one such example is from the Zaire channel system by Babonneau et 
al., (2010) describe two seismic facies that form internal/inner levee deposits. A 
series of cores collected from these areas record low density and silt-prone 
turbidites. 
The integrated dataset from the CD Ridge where high-resolution logging of behind 
outcrop cores allows for the detailed characterisation of thin-bedded deposits, 
which when integrated with the well-constrained 2-D outcrop data, permitting the 
identification of diagnostic criteria to discriminate between sub-environments. 
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3.3 What is the variability of submarine levees? 
Rationale: Submarine levees are built by deposits of turbidity currents that escape 
the confinement of their parent channel systems through two main processes of 
overbanking; flowstripping and overspill (Peakall et al., 2000), with flow runup 
acting as a secondary mechanism at channel beds (Fig. 1.11). Here, the terms 
external levee and internal levee (sensu Kane and Hodgson, 2011) are used to 
define the two main types of levees that bound submarine channels. External 
levees, are built by flows that escape the channel-belts, whereas internal levees 
are built by flows that escape individual channels or channel complexes, but remain 
confined by the channel-belt (Fig. 3.1). 
 
Figure 3.1: A) Map view seismic image from the Joshua channel, the red line highlights the position 
of the external levee crest line (bounding surface of the slope valley), it is less sinuous than the crest 
line following the thalweg within the slope valley; B) Cross-sectional seismic image through the Joshua 
channel, with the main components of the channel-levee system highlighted; C) Cross-sectional 
seismic image through the Joshua channel, decompacted (both images modified from Posamentier, 
2003). 
A constructional wedge that tapers for several kilometres from the channel-belt 
with basal downlap is the main diagnostic criterion for the identification of external 
levees in subsurface seismic and seabed datasets (Normark et al., 1980; 
Clemenceau et al. 2000; Migeon et al., 2000; 2001; Babonneau et al. 2002; Piper 
A) 
B) 
C) 
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and Normark, 2001; Mayall and O’Byrne, 2002; Skene et al., 2002; Deptuck et al., 
2003; Posamentier, 2003; Posamentier and Kolla, 2003; Migeon et al., 2004; 
Schwenk et al., 2005; Deptuck et al., 2007; Wynn et al., 2007). Historically external 
levees have been described as fine-grained relatively simple wedge shaped 
aggradational sedimentary bodies (e.g. Skene et al., 2002; Deptuck et al., 2003; 
Babonneau et al., 2004; Kolla et al., 2007; Straub and Mohrig, 2008; Birman et al., 
2009; Kane et al., 2010a; Nakajima and Kneller, 2013) with cross sectional 
thicknesses that vary systematically perpendicularly to channel and along channel 
flow direction (Skene et al., 2002; Kane et al., 2010a; Nakajima and Kneller, 2013), 
forming a parabolic curve, with the thinnest levees observed towards the top and 
base of the channel longitudinal profile. Internal levees do not always develop a 
wedge-shaped geometry and they are not commonly identified as internal levee 
deposits in seismic datasets as they characteristically form a dim seismic facies, 
which is often interpreted as abandonment drapes and/or mass transport deposits.  
Although the characteristic wedge-like geometry of external levees is well 
documented in seismic datasets, this geometry has rarely been documented at 
outcrop or constrained at outcrop (see DeVries and Lindholm, 1994; Beaubouef, 
2004; Kane et al. 2007 for exceptions). Therefore, there remains a paucity of 
published studies that focus on the process sedimentology of external and internal 
levees, and the stratigraphic and geographic variability in the distribution of 
sedimentary facies within and between systems. Furthermore, internal levees are 
rarely identified in outcrop datasets and detailed characterisation of their process 
sedimentology is absent in the literature.  
At outcrop, the distribution of sedimentary facies, the distribution of sandstone, 
bed thicknesses and flow processes interpreted from sedimentary structures, 
suggests that there is a channel proximal to channel distal relationship in external 
levees (Piper and Normark, 1997; Kane et al. 2007; Kane and Hodgson, 2011). 
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Commonly, a lateral and stratigraphic fining- and thinning-  trend is reported in 
core and outcrop (DeVries and Lindholm, 1994; Hiscott et al., 1997a; 1997b; Manley 
et al., 1997; Peakall et al., 2000; Hickson and Lowe, 2002; Posamentier, 2003; 
Schwenk et al., 2005), which is interpreted as a result of increasing flow 
confinement through time. However, a coarsening trend has been reported in parts 
of some levee successions (Hickson and Lowe, 2002; Kane et al. 2007). Sand-rich 
levees (O’Byrne and Mayall 2002) and sand-rich basal successions have been found 
in both recent and ancient examples. The origin of these sand-rich successions is a 
matter of debate, but they are commonly overlain by younger levee deposits 
(Damuth et al., 1998; Flood et al., 1991; 1995; 1997).  
Previous studies of external levees at outcrop have identified sediment waves 
(Campion et al. 2011), climbing ripple beds (Dennielou et al., 2006; Kane and 
Hodgson, 2011), lenticular sandstones (Beaubouef, 2004), thin-bedded siltstones 
(Beaubouef, 2004, Dennielou et al., 2006; Khan and Arnott, 2011), trace fossils 
(Kane et al., 2007; Callow et al., 2013) and thinning and fining upwards packages 
(Hiscott et al., 1997a; 1997b; Beaubouef, 2004). 
The extensive outcrops of the Fort Brown Formation preserve several external levee 
successions that can be traced laterally from channel proximal to channel distal 
locations (Figueiredo et al. 2010; Kane and Hodgson, 2011; Hodgson et al., 2011; 
Brunt et al. 2013b) provide an opportunity to document distributions in sedimentary 
facies, and compare this to levee successions of different age and position on the 
palaeoslope. Furthermore, the CD Ridge outcrop and behind research boreholes 
provides a unique integrated dataset that permits the detailed characterisation and 
comparison of both internal and external levee successions. 
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3.4 What are the diagnostic criteria to identify 
exhumed frontal lobes and where do they form? 
Rationale: Frontal lobes/splays are an unconfined deposit deposited basinward of a 
feeder channel (Posamentier, 2003; Posamentier and Kolla 2003) in areas with 
accommodation where sediment gravity flows transition from a confined 
channelised environment to become relatively unconfined (Fig. 3.2). Typically, they 
are incised through by the lengthening parent channel, thus the frontal lobes are 
preserved as remnants on either side of the parent channel (Fig. 3.2E). As the 
channel becomes established, the frontal lobe remnants are often overlain by 
external levees (Fig. 3.2E). Similar distributive and relatively unconfined deposits 
that form close to channels have been referred to as avulsion lobes/splays and 
crevasse lobes/splays (e.g. Posamentier and Kolla 2003; Arnott 2007; Armitage et 
al., 2012), although the process and stratigraphic differences between these 
features remains poorly constrained.  
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Figure 3.2: Frontal-splay deposits in the De Soto Canyon area of the Gulf of Mexico, the splay complex 
is shown both in A) plan and B) section view. C) Frontal-splay deposits on the basin floor offshore 
eastern Borneo, Kalimantan, Indonesia Channels haven’t been identified within the interpreted frontal 
splay deposit shown here. D) Seismic reflection profile from offshore Indonesia; E) shows the 
schematic interpretation of the Indonesian seismic image where (1) debris-flow deposits overlain by 
(2) frontal-splay deposits, (3) channel–levee deposits and (4) debris-flow deposits before being 
mantled by (5) a thin hemipelagic drape (5), figure modified after Posamentier and Kolla, 2003 
Frontal lobes have been identified by several workers in reflection seismic datasets 
(Posamentier et al. 2000; Posamentier, 2003; Posamentier and Kolla 2003, Wynn et 
al. 2007; Cross et al. 2009; Armitage et al, 2012), where their seismic character is 
described as high amplitude continuous-to-discontinuous reflection packages 
(Posamentier and Kolla 2003) or HARPs. HARPs have been identified in subsurface 
datasets at the base of channel-levee systems, and are preserved in inter-channel 
areas of the Amazon, Indus, Zaire and Bengal fan systems (Damuth et al. 1988; 
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Flood et al. 1991; Normark et al. 1997; Pirmez et al. 1997; Lopez 2001; Pirmez et 
al., 2001; Droz et al., 2003; Kolla 2007). Not all levees are deposited over frontal 
lobe remnants; one possible explanation for a system to bypass sediment rather 
than deposit it as a frontal lobe is limited usable accommodation (locally), resulting 
in flows remaining in bypass mode further in to the basin before frontal or terminal 
lobes develop (see Chapter 4 for more details).  
Frontal lobe deposits have rarely been interpreted at outcrop. Outcrop datasets 
allow for higher vertical resolution characterisation and understanding of the 
processes responsible for deposition, however, they often do not have the same 
horizontal of lateral resolution as seismic datasets therefore uncertainties can 
remain, for example, geometry is often not fully constrained due to the lack of 3D 
constraint, and the stratigraphic relationship of interpreted frontal lobes and the 
feeder channel is not preserved (e.g. Etienne et al. 2012; Brunt et al. 2013a). 
Beaubouef (2004) described sandy channelised, depositional lobes later overlain by 
channels and levees in the Cerro Toro Formation with a similar mode of formation 
to the Amazon and Zaire Fan systems.  
Avulsion lobes deposit under similar conditions to frontal lobes where they are 
preserved when the avulsion event breaches an existing levee and flows rapidly pass 
from confined to unconfined settings (Flood et al., 1991; Kolla, 2007; Armitage et 
al., 2012). 
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Figure 3.3: Seismic image of the Joshua channel, showing two avulsion channels, figure modified after 
Posamentier, 2003. 
Similarly to traditional frontal lobe and channel progradation, avulsion channels 
often advance over their genetically related avulsion lobe, preserving it as remnants 
in the inter-channel areas (HARP’s) (Armitage et al., 2012). However, it remains 
unclear whether frontal lobes that form are part of the channel lengthening 
process, differ from those that form via channel avulsion in their scale, geometry 
and sedimentary facies. Although frontal lobes are often associated with avulsion 
events, this is not the case for all avulsion events, for example avulsions in the 
Joshua channel (Fig. 3.3) and avulsions in the Zaire fan system (Droz et al., 2003) 
record only levees adjacent to avulsion channels. 
In many subsurface (Flood and Piper 1997; Lopez 2001; Babonneau et al. 2002; 
Fonnesu 2003; Ferry et al. 2005; Bastia and Radhakrishna 2010; and Maier et al. 
2013) and outcrop (Gardner et al. 2003; Beaubouef 2004; Kane and Hodgson 2011) 
datasets it has been noted that sand-rich intervals (described and interpreted as 
frontal lobe deposits or HARPs) have been partially eroded by a genetically-related 
channel and later overlain by external levee deposits, this suggests that frontal 
lobes may act as precursor deposits to channel formation, and may provide insight 
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into channel initiation and evolution. Sand-rich deposits have been identified at the 
base of external levees in the Fort Brown Fm. (Figueiredo et al. 2010; Hodgson et 
al. 2011; Brunt et al. 2013b), but these have not been adequately characterised 
and documented. The integrated core and outcrop dataset will permit the detailed 
characterisation of sand-rich units associated with submarine slope channel-levee 
systems on the slope. The documentation of sedimentary facies and depositional 
architecture, as well as their stratigraphic and palaeogeographic position, will allow 
diagnostic criteria for frontal lobes to be developed, and their role in the evolution 
of deep-water systems to be discussed.
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Chapter 4: From 1-D to 4-D: the 
depositional architecture of a 
submarine channel-levee 
system 
ABSTRACT: The evolution of submarine channel complexes can be documented 
using high resolution 3D seismic datasets. However, these studies provide limited 
information on the distribution of sedimentary facies within channel-fills, channel-
scale stacking patterns, or the detailed stratigraphic relationship with adjacent 
levee/overbank deposits. Sub-unit C2 is an outcropping channel-levee system up to 
85 m thick in the mud-prone submarine slope succession of the Permian Fort Brown 
Formation, Karoo Basin, South Africa. C2 comprises thin-bedded siltstones and fine-
grained sandstones interpreted as external levee deposits, adjacent to channel 
complexes, with constituent channels filled with thick-bedded structureless 
sandstones, thin-bedded channel margin facies, and internal levee deposits. Fully 
cored research boreholes intersect the C2 system in channel axis, internal levee, 
and external levee settings. Detailed sedimentary facies and channel stacking 
patterns identified in core and on image logs have been linked to well-constrained 
2-D outcrop correlation panels. Key characteristics, including depth of erosion, 
stacking patterns, and cross-cutting relationships, have been constrained, allowing 
palaeogeographic reconstruction of six channel complexes across a 36 km2 area. 
The C2 system evolved over time from an early, deeply incised channel complex, 
through a series of external levee-confined laterally switching channel complexes 
before developing into a vertically aggradational channel complex confined by both 
internal and external levees. Channel complexes in the proximal area are 
characterised by remnants of channel-fills bounded by erosion surfaces and 
confined to a 2 km wide area by external levees. Some 2 km down dip these channel 
complexes are more widely spaced over an 11 km wide cross-sectional width, 
 67 
 
resulting in a higher degree of channel and channel complex preservation but with 
a lower connectivity between channel complexes due to overlapping external 
levees and an absence of sand-prone frontal lobe deposits. 
This unique integrated dataset enables a better understanding of how the 
architecture and geometry of a suite of submarine channels and related external 
levees evolved through time. 
4.1 Introduction 
Submarine channel-levee systems are the primary conduit for clastic sediment 
supplied from the continents to the deep ocean (Kolla, 2007). The architecture and 
evolution of deep-water channel systems has been of particular interest in both oil 
and gas industry and academic study in recent years with detailed investigations 
using high resolution seismic datasets (e.g. McHargue and Webb, 1986; Badalini et 
al., 2000; Babonneau et al., 2002; 2004; Abreu et al., 2003; Deptuck et al., 2003; 
2007; Posamentier, 2003; Posamentier and Kolla, 2003; Schwenk et al., 2005; Mayall 
et al., 2006; Kolla, 2007; Cross et al., 2009; Catterall et al., 2010; Armitage et al., 
2012), and seabed imaging techniques (e.g. Torres et al., 1997; Maier et al., 2011; 
2013), with limited detailed information on sub-seismic scale elements, and the 
range and distribution of sedimentary facies. This gap has been addressed by the 
use of analogous systems at outcrop (Badescu et al., 2000; Blikeng and Fugelli, 
2000; Clark and Gardiner, 2000; Campion et al., 2000; Pickering and Corregidor, 
2000; Gardner et al., 2003; Beaubouef, 2004; Hodgson et al., 2011; Brunt et al., 
2013b). Although these studies help to constrain the distribution and lateral 
variation of sedimentary facies of channel-fills, channel-scale stacking patterns and 
detailed stratigraphic relationship with adjacent levee/overbank deposits, they 
have limited 3D control, or calibration with subsurface datasets. Rare examples of 
outcrop-based studies with subsurface constraint of channelised systems include 
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the Ainsa Basin, NE Spain (e.g. Pickering and Corregidor, 2000; Sutcliffe and 
Pickering, 2009; Dakin et al., 2012), and the Permian Brushy Canyon Fm. 
(Beaubouef et al., 1999). Outcrop studies where slope channel-levee systems can 
be traced in multiple cuts providing 3D constraint are rare (see Pyles et al., 2010 
and McCauley and Hubbard, 2013). 
A high-resolution study of a channel-levee complex set (terminology after Sprague 
et al., 2002) cropping out as part of Sub-unit C2 of the upper Permian Fort Brown 
Formation, Karoo Basin, South Africa, records the sedimentary facies distribution 
and depositional architecture of six channel complexes in the most proximal part 
of the C2-aged channel system (Hodgson et al., 2011; Di Celma et al., 2011). Six 
research boreholes drilled behind the outcrop on the southern limb of the post-
depositional Baviaans syncline, intersect channel axis, channel margin, internal 
levee and external levee deposits, providing detailed information on sedimentary 
facies and channel stacking patterns identified in 1-D core and electrical borehole 
image logs that are integrated with a detailed 2-D correlation panel (Hodgson et 
al., 2011) to provide local 3-D constraints. These channel complexes have been 
correlated across the Baviaans syncline allowing a highly detailed 
palaeogeographic reconstruction that would not be resolvable using 3-D seismic 
datasets. 
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4.2 Geologic setting and stratigraphy 
 
Figure 4.1: Location map highlighting the study area near the town of Laingsburg, Western Cape, 
South Africa. The pale grey area marks the outcrops of the Laingsburg Formation and the dark grey 
shows the outcrop pattern of the Fort Brown Formation. The black and white dots represent 
sedimentary log positions, the green and black dots represent sedimentary log positions of Di Celma 
et al. (2011), and the red and black dots highlight the positions of the Bav 1a, Bav 2 and Bav 6 
boreholes. The green and blue boxes highlight the positions of the correlation panels in Figures 4.5 
and 4.6. 
The study area forms part of the Permian-aged deep water Laingsburg depocentre 
of the south-western Karoo Basin (Fig. 4.1), interpreted as part of the fill of a 
retroarc basin, where subsidence was driven by negative dynamic topography, 
related to subduction (Tankard et al., 2009). A 1.4 km thick exhumed 
progradational basin-floor to upper-slope succession (Flint et al., 2011) crops out 
along a series of east-west trending, eastward plunging, post depositional anticlines 
and synclines, near the town of Laingsburg. Deep-water deposition began with distal 
basin-floor deposits of the Vischkuil Formation (van der Merwe et al., 2009; 2010), 
which is overlain by basin-floor and base-of-slope fan systems of the Laingsburg 
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Formation (Units A and B; Grecula et al., 2003; Sixsmith et al., 2004). The muddy 
slope succession of the 0.5 km thick overlying Fort Brown Formation is punctuated 
by five sandstone-rich units (Units C-G; Flint et al., 2011) comprising slope channel-
levee systems (Grecula et al., 2003b; Figueiredo et al., 2010; Hodgson et al., 2011; 
Di Celma et al., 2011), which crop out as a series of prominent ridges separated by 
recessively weathered regional mudstone units. These mudstone units are used to 
constrain the stratigraphy and have been walked out for up to 90 km down dip. In 
this study, the focus is on Unit C, primarily exposed in the Baviaans syncline 
(expanded map of Fig. 4.1B). Regional palaeoflow is towards the NE. 
 
Figure 4.2: A) Stratigraphic column showing the lithostratigraphy of the study area; B) Expanded 
stratigraphic column showing the units described in this study. 
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Unit C overlies the B-C mudstone, a ~50 m thick hemipelagic drape separating the 
Laingsburg and Fort Brown formations (Fig. 4.2). This mudstone contains a <5 m 
thick, sharp-topped and sharp-based sandstone dominated unit referred to as the 
B/C interfan (Fig. 4.2B) (Di Celma et al., 2011), interpreted by Flint et al. (2011) 
as an intra-slope lobe, displays local variation in thickness with both distributive 
and channelised characteristics throughout the study area. The B/C interfan lies 
~32 m below the base of Unit C and it is used as a lower datum when measuring and 
correlating Units C and D throughout the study area. 
Unit C has been interpreted as the lowstand sequence set (LSS) to a composite 
sequence, the combined transgressive and highstand sequence set (TSS/HSS) of 
which is represented by the ~26 m thick regional C-D mudstone (Flint et al., 2011). 
The Unit C LSS comprises three sequences; their lowstand systems tracts are sandy 
Sub-units C1, C2, and C3 (Di Celma et al., 2011; Flint et al., 2011) separated by two 
mudstones; a 2 m thick ‘Lower C mudstone’ and a ~8 m thick ‘Upper C mudstone’, 
both of which have been mapped regionally and have been interpreted as the 
combined transgressive systems tracts/highstand systems tracts (TST/HST) of the 
C1 and C2 sequences. The TST/HST of the C3 sequence is the lower part of the C-D 
mudstone (Flint et al., 2011). In the Baviaans area, Sub-unit C1 is generally 10-15 
m thick and is comprised of sandstone-prone thin-bedded heterolithics becoming 
more siltstone-prone upwards; it has been interpreted as a frontal lobe complex (Di 
Celma et al., 2011) (Fig. 4.1A). Sub-unit C2 is 5-80 m thick, and largely comprised 
of thin-bedded sandstones and siltstones interpreted as external levee deposits that 
are adjacent to channels filled with thick-bedded, structureless channel axis 
sandstone, thin-bedded channel margin and thin-bedded internal levee deposits 
(Fig. 4.3). The thickest accumulations are a result of erosive channelisation in 
proximal areas, where C2 comprises a levee-confined channelised system that 
incises through C1 and 30 m of the underlying mudstone (Hodgson et al., 2011). The 
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channelised expression of C2 around the Baviaans syncline is the focus of this paper. 
Sub-unit C3 has been interpreted as a frontal lobe complex and is usually between 
1-10 m  thick, and attains a maximum thickness of >50 m in the proximal Baviaans 
area (Morris et al., 2014b). Di Celma et al. (2011) described a basinward 
progradational trend from Units C1 to C2, with a landward 
stepping/retrogradational component during the deposition of C3, suggesting a 
waxing then waning of overall volume during the Unit C lowstand sequence set. Unit 
D, interpreted as another lowstand sequence set (Flint et al., 2011), crops out as a 
2 km wide, >100 m thick, entrenched slope valley fill at the CD Ridge (Figs. 4.1, 4.3 
and 4.4) on the south limb of the Baviaans syncline (see Hodgson et al., 2011 for 
further details) where it completely removes Unit C. 
4.3 Methodology and Dataset 
The primary study area covers 36 km2 in which Units C and D crop out on the 
northern and southern limbs of the Baviaans syncline. Correlation panels 
constructed on both limbs of the structure (Fig. 4.3), capture the complicated 
channel histories of Sub-unit C2. Field-based sedimentological and stratigraphic 
observations including 247 measured sections (16 km) cumulative thickness) are 
used to construct the correlation panels; 147 sections are used to construct the 
panel on the northern limb of the Baviaans syncline (Pringle et al., 2010; Di Celma 
et al., 2011) and 100 sections in the western area of the CD Ridge panel on the 
southern limb of the syncline (Di Celma et al., 2011; Hodgson et al., 2011). 
Channelised deposits within C2 have been described in detail from two of the 
research boreholes (Bav 1a; Fig. 4.4, and Bav 2; Fig. 4.5), drilled behind the CD 
Ridge (Hodgson et al., 2011) allowing for subsurface correlation and calibration. 
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4.4 Facies Associations 
In the channelised C2 succession, six facies associations have been identified and 
shown in Table 4.1: CLf1 – Thick-bedded, structureless fine sandstone ; CLf2 – 
Structureless fine sandstone with mudstone and siltstone clasts ; CLf3 – Structured 
sandstone; CLf4 – Sand-prone thin-bedded heterolithics; CLf5 – Silt-prone thin-
bedded heterolithics; and CLf6 – Deformed heterolithics. 
 
 74 
 
Table 4.1: Showing the six facies associations observed as part of Sub-unit C2. 
Lithofacies 
code 
Facies Facies description 
Depositional processes and 
depositional environments 
Facies photographs 
CLf1 
Thick-bedded, 
structureless 
fine-grained 
sandstone 
 
Thick-bedded fine-grained sandstone 
bedsets 0.1-2 m (0.33-6.56 ft), commonly 
thicker than 0.3 m (0.98 ft). 
Amalgamated bed contacts are most 
prevalent; however erosive and loaded 
bed bases are recorded. Sandstone beds 
are generally structureless, however, 
rare occurrences of planar and current 
ripple lamination are observed and 
thicker beds frequently contain abundant 
water escape structures; commonly flame 
and dish structures. There is a general 
trend of individual beds grading normally 
upwards. 
 
 
 
 
 
Medium-to-high density flows depositing 
rapidly. Aggradational facies, amalgamated 
sandstones deposits with some erosion 
surfaces. Structureless sandstone bedsets 
suggest Bouma Ta. 
Environment of deposition: Fall in capacity of 
high concentration flows and rapid 
deposition. Late stage fill within channels 
and proximal areas of frontal lobes 
 
 
CLf2 
Structureless 
fine-grained 
sandstone 
with mudstone 
and siltstone 
clasts 
Structureless fine-grained sandstone 
beds, ~0.25-0.7 m (0.82-2.3 ft) thick, 
reaching up to 1.2 m (3.94 ft). Mudstone 
clasts are abundant, averaging between 
<0.01-0.04 m (0.03-0.13 ft) in diameter, 
although, some are ~0.2 m (0.66 ft) in 
diameter. Rare examples of thin horizons 
(0.01-0.05 m; 0.03-0.16 ft) where a 
“slurry” of sandstone with abundant mm-
sized mudstone clasts are present. The 
mudclast-rich zone is generally preserved 
at/near the base of sand units, and the 
clasts themselves become sandier in 
composition up through the succession of 
 
 
Mudstone clast mantled surfaces (MCMS) and 
mudclast conglomerate deposited and moved 
in traction beneath confined flows. They are 
both commonly associated with flows 
confined within channels. Locally, clasts 
show secondary injection features 
Environment of deposition: The presence of 
mudstone clasts indicates erosion higher in 
the channel profile. Mudstone clasts are 
deposited as a channel lag/drape. 
 
 
 75 
 
Sub-unit C2 (this is best observed in core 
Bav 1a). 
CLf3 
Structured 
sandstones 
Very fine-grained sandstone beds (VFS) 
0.05-0.4 m (0.16-1.3 ft) thick. Well-
developed current ripple cross-
lamination, climbing ripple (10-15˚) 
cross-lamination, stoss-side preserved 
ripple cross-lamination and sinusoidal 
laminae are common. Small (cm-dm) 
scale erosion surfaces, some soft-
sedimentary deformation, but little 
bioturbation and few mudstone drapes 
present. Overall, there is little silt or clay 
grade material present. Individual beds 
continuous for >100 m (328 ft). 
 
Rapidly deposited medium-to-low density 
turbidity currents. Aggradational facies, with 
some erosion surfaces. Sustained bedload 
traction, particularly within or close to 
channels 
Environment of deposition: Deposition from 
expanding flows with sustained bedload 
traction: Frontal lobe, crevasse splay, 
internal levee and/or proximal external 
levee.  
CLf4 
Sand-prone 
thin-bedded 
heterolithics 
 
Sandstone dominated interbedded 
sandstone and siltstone packages 0.05-0.4 
m (0.16-1.3 ft) thick. The sandstone beds 
are generally normally graded from VFS to 
coarse siltstone (CSi). Sedimentary 
structures within the VFS beds include: 
sinusoidal laminae, current ripple cross-
lamination, climbing ripple cross-
lamination, stoss side preserved ripple 
cross-lamination and planar laminae. The 
CSi beds are generally planar laminated. 
Loaded bed contacts are common 
although erosive and amalgamated basal 
contacts are observed. 
Deposition by low-to-medium density 
turbidity currents that deposited rapidly 
(climbing ripple cross-lamination and 
sinusoidal lamination). 
Environments of deposition: This facies is 
present in channel margin, proximal internal 
levee and proximal external levee sub-
environments. 
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CLf5 
Silt-prone 
thin-bedded 
heterolithics 
Interbedded CSi and VFS, beds are 0.01-
0.3 m (0.03-0.98 ft) thick. VFS beds are 
usually normally graded. Sedimentary 
structures present in the VFS include; 
current ripple lamination, stoss side 
preserved ripple lamination, wavy 
lamination and planar lamination. The CSi 
beds are commonly planar laminated and 
are generally interbedded with mudstone 
drapes associated with bioturbation 
(1/2*). 
The bed thicknesses and the low sand volume 
suggest that deposition was by dilute 
turbidity currents. The bioturbated interval 
suggests either there was a longer time 
period between events or a change in oxygen 
and nutrient delivery. 
Environment of deposition: Regions distal to 
sediment feeder system; such as distal 
overbank, distal levee (internal and external 
examples), channel margin, distal lobe or 
abandonment  
CLf6 
Deformed 
heterolithics 
 
Highly deformed bedded lobe to channel 
sandstone deposits. All pre-deformed 
textures and structures are still 
recognised and deformed material can be 
traced back into pre-deformed deposits. 
Where present, gentle folding of grain 
laminations or bed surfaces suggests 
small transport distances. Internal 
characteristics not easily identified in 
structureless sandstones. Packages are 
generally less than 2 m (6.6 ft) thick, 
however, the deposit may extend for up 
to 100 m (328 ft) across outcrop. 
 
A loss of internal shear strength in all or part 
of a sediment mass resulting in a failure 
where the deposit can no longer able to resist 
downslope gravitational shear, occurs on a 
large scale with slope margin collapse and on 
a small scale as slumping and sliding at the 
steepened margins of channels. 
Environment of deposition: Fill within 
erosional channels (channel wall collapse). 
Normally associated with the collapse of 
deeply erosional and over-steepened 
incisional margins. 
 
(*on the Taylor and Goldring (1993) Bioturbation Index) 
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4.4.1 Facies interpretation and environments of deposition 
C2 has been well documented in outcrop (Di Celma et al., 2011; Hodgson et al., 
2011) and in behind outcrop boreholes in this study. The sedimentary facies 
described in Table 4.1 are interpreted to be associated with six main environments 
of deposition: 1) Channel axis (CLf1 and CLf2); 2) Channel margin (CLf3, CLf4, CLf5 
and CLf6); 3) Proximal internal levee (CLf3 and CLf4); 4) Distal internal levee (CLf4); 
5) Proximal external levee (CLf3, CLf4 and CLf5) and 6) Distal external levee (CLf4 
and CLf6). Table 4.2A-F shows key facies examples from the combined outcrop, 
core and borehole image datasets for each of the environments of deposition. 
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Table 4.2 (A-F): Table showing deposits interpreted to represent the six main environments of 
deposition that have been identified during this study of Sub-unit C2. For each environment, a typical 
facies photograph from outcrop, core and as a borehole image log captured by the formation 
microscanner (FMS) is represented. 
Table 4.2A: Table showing typical channel axis deposits shown in outcrop photos, core photos and 
FMS/image logs 
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Table 4.2B: Table showing typical channel margin deposits shown in outcrop photos, core photos and 
FMS/image logs 
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Table 4.2C: Table showing typical proximal internal levee deposits shown in outcrop photos, core 
photos and FMS/image logs 
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Table 4.2D: Table showing typical distal internal levee deposits shown in outcrop photos, core photos 
and FMS/image logs 
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Table 4.2E: Table showing typical proximal external levee deposits shown in outcrop photos, core 
photos and FMS/image logs 
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Table 4.2F: Table showing typical distal external levee deposits shown in outcrop photos, core photos 
and FMS/image logs 
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4.5 1-D dataset – behind outcrop cores 
C2 crops out along the CD Ridge as an external levee confined channel complex set 
(Figs. 4.1, 4.3 and 4.4) comprising a series of sandstone-rich channel complexes 
with various channel-stacking patterns. On the CD Ridge, C2 is highly erosive, 
cropping out as a series of channel elements and channel complexes, bounded by a 
channel complex set boundary (terminology after Sprague et al., 2002, used to 
describe Unit C by Di Celma et al., 2011). The oldest preserved channel complex-
fill has the deepest cut below the external levee, extending through Sub-unit C1 
and 35 m of the B-C mudstone to a position below the B/C interfan marker (Fig. 
4.5; Hodgson et al. 2011). Younger C2 channel complexes are laterally stacked 
except for the youngest complex, which is aggradational with adjacent thin-bedded 
deposits preserved within a late stage erosional surface. The full eastern extent of 
the C2 channel complex set is not preserved due to the Unit D cut. Of the six 
research boreholes drilled behind the CD Ridge, three (Bav 1a, 2, and 6) intercepted 
C2. Bav 1a (Fig. 4.4) and Bav 2 (Fig. 4.5) were both drilled as deviated wells 
perpendicular to the regional tectonic dip at a distance of 0.3 km from the outcrop 
and are spaced 0.686 km apart (Fig. 4.6). Bav 1a captures the C2 axis where it has 
locally removed the B/C interfan, whilst Bav 2 captures a more eastward component 
of the channel complex set and part of the Unit D slope valley. 
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Figure 4.3: A) Correlation panel for Units C and D on the northern limb of the Baviaans syncline (Baviaans Farm North panel) showing the main channel complexes at Baviaans 
Farm, the Whaleback, the West Rubbish Dump and the Old Rubbish Dump. B) Correlation panel for Units C and D on the southern limb of the Baviaans syncline at the CD 
Ridge. The Unit D slope valley that incises through the entire Unit C stratigraphy has been blanked out. The locations of all six behind-outcrop boreholes are represented by 
the blue vertical lines. Bav 1a (Fig. 4.4), Bav 2 (Fig. 4.5) and Bav 6 are incorporated in this study (See Enclosure 5 for enlarged version). 
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4.5.1 Bav 1a 
In Bav 1a, six channel complexes (CC1-CC6) have been interpreted (Fig. 4.4). This 
core contains thick packages of structureless fine-grained sandstone with local 
dewatering features (CLf1)(Figs. 4.4D and 4.4F). Fine-grained sandstone with 
mudstone and siltstone clasts (Fig. 4.4C)(CLf2) typical of channel axis and channel 
off-axis environments produce a spikey gamma-ray log trace because the many 
erosion surfaces lined by mud-clast conglomerate result in high gamma ray ‘spikes’. 
The composition of the intraclasts changes upward through the succession, from 
mudstone dominant to siltstone and sandstone dominant. The thin-bedded facies 
(CLf4 and CLf5) in this core are typical of channel margin deposits that have 
abundant soft-sediment deformation (Fig. 4.4E)(CLf6). Figures 4.4, 4.5 and 4.6 
show that the uppermost 8 m of C2 in this well has been interpreted to be part of 
an abandonment unit deposited as the C2 system began to backstep and before the 
shutdown associated with the upper C mudstone, as described by Di Celma et al. 
(2011) and Flint et al. (2011). The thin bedded nature of the siltstone-prone deposit 
(CLf5), combined with the abundance of mud drapes and the increased intensity of 
bioturbational structures suggests that the system was waning and that only dilute 
turbidity currents were entering the basin.  
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Figure 4.4: A) Gamma ray log through 
Sub-unit C2 in Bav 1a. B) Core log 
through Sub-unit C2 of Bav 1a. C) Core 
photographs showing fine-grained 
sandstone with mudstone, siltstone and 
sandstone clasts (location of core 
photograph shown on core log B); Ci) 
expanded core photo showing different 
clast compositions; and Cii) expanded 
core photograph showing soft sediment 
deformation within the fine-grained 
sandstone. D) Core photographs showing 
fine-grained sandstone with siltstone 
and sandstone clasts; Di) expanded core 
photo showing structureless fine-grained 
sandstone; and Dii) expanded core photo 
showing soft sediment deformation 
within siltstone and sandstone clast. E) 
Core photographs showing fine-grained 
sandstone with planar laminations and a 
well-developed loaded basal surface 
with mudstone clasts; Ei) expanded core 
photo showing fine-grained sandstone 
with a well-developed loaded basal 
surface with mudstone clasts; and Eii) 
expanded core photo showing planar 
laminated sandstone with normal 
grading. F) Core photographs showing 
structureless fine-grained sandstone 
with a zone of soft sediment 
deformation resulting from dewatering; 
Fi) expanded core photo showing a well-
developed flame structure; Fii) 
expanded core photo annotated to 
highlight the well-developed flame 
structure shown in Fi) (See Enclosure 6 
for enlarged version). 
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4.5.2 Bav 2 
In Bav 2, three C2 channel complexes have been interpreted (Fig. 4.5) based on 
erosion surfaces and channel lag deposits (CLf2). The C2 channel complex set does 
not have the same depth of erosion as recorded in Bav 1a as the B/C interfan and 
30 m of the overlying B-C mudstone are present (Fig. 4.5A). This core contains 
similar facies to Bav 1a, characteristic of channel axis and channel off-axis 
environments of deposition (Campion et al., 2000, McHargue et al., 2011) but thick 
channel lag deposits are absent and there is no variation in the composition of the 
mudstone clasts throughout the channelised succession. This core records a 
significant thickness (27 m) of both proximal and distal internal levee deposits (both 
CLf3, CLf4 and CLf5), as well as the 8 m thick abandonment unit (CLf4 and CLf5) at 
the top of C2. 
Figure 6 is a correlation of C2 between Bav 1a and Bav 2. The correlation datum is 
the upper C mudstone. This panel highlights the channel elements, channel 
complexes and channel complex sets interpreted in each of the wells and shows 
that there is no clear correlation at channel element or channel complex scale over 
the 0.686 km inter-well spacing. However, it is likely that the heterogeneous thin-
bedded deposits recorded in Bav 2 acted to confine the late stage vertically stacked 
C2-aged channel complex in Bav 1a within the late stage erosion surface, suggesting 
these deposits were constructed by this channel complex as internal levees (Kane 
and Hodgson, 2011). It is not possible to directly correlate channel elements 
between the two wells (Fig. 4.6), however, the erosion surface separating CC3 and 
the overlying internal levee in Bav 2 corresponds to the erosion surface correlated 
to CC6 in Bav 1a. Also, although CC3 is intersected in both wells, the channel 
elements preserved in Bav 1a are older than the channel elements captured in Bav 
2 based on 2D stacking patterns as described in the following section. 
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Figure 4.5: A) Core log through Sub-unit C2 in Bav 2. B) Core photographs showing fine-grained 
sandstone with mudstone clasts dispersed throughout the entire 1 m (3 ft) section (location of core 
photograph shown on core log A); Bi) expanded core photo showing the mudclast distribution. C) Core 
photographs showing structureless fine-grained sandstone becoming planar laminated and then 
climbing ripple laminated upwards; Ci) expanded core photo showing planar lamination and climbing 
ripple lamination within the fine-grained sandstone; and Cii) expanded core photo annotated to 
highlight the planar lamination and climbing ripple lamination within the fine-grained sandstone shown 
in Ci). D) Core photographs showing structureless fine sandstone with a mudclast mantled zone at the 
top of the core interval; Di) expanded core photo showing structureless fine-grained sandstone. E) 
Core photographs showing deformed and dewatered fine-grained sandstone; Ei) expanded core photo 
showing a well-developed loaded basal contact and the deformed sandstone and siltstone zone; and 
Eii) expanded core photo annotated to highlight the well-developed loaded basal contact and the 
deformed sandstone and siltstone zone shown in Ei) (See Enclosure 7 for enlarged version). 
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Figure 4.6: (Overleaf) Correlation panel between Bav 1a and Bav 2: A) Gamma ray log through Bav 1A 
borehole; B) Bav 1A sedimentary log; C) Dip-meter measurements of erosion surfaces in Sub-unit C2 
and D) Bav 2 sedimentary log. The cores are correlated using the Upper C mudstone as a datum. One 
channel complex set surface has been identified in each of the cores. Six channel complex surfaces 
are observed in Bav 1a, whilst three channel complex surfaces have been identified in Bav 2. Twenty-
one channel element surfaces are observed in Bav 1a and three channel element surfaces have been 
identified in Bav 2 (See Enclosure 8 for enlarged version). 
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4.6 2D Outcrop correlations 
On the CD Ridge, six C2 channel complexes (CC1-CC6) comprising structureless 
channel axis sandstones (CLf1 and CLf2) and thin-bedded channel margin facies 
(CLf4, CLf5 and CLf6) have been identified by walking out erosion surfaces where 
they cut into older deposits. These surfaces are mantled by mudstone and siltstone 
clasts and onlapped by channel margin facies. The channel complexes have been 
correlated using: the depths of erosion surfaces, relative ages based on cross-
cutting relationships, geometry and sacking patterns, and palaeocurrent data. The 
correlation panel in Figure 4.7C shows the numbered channel complexes that have 
been correlated to corresponding channel complexes that crop out on the northern 
limb of the syncline. 
On the north limb of the Baviaans syncline, six corresponding channel complexes 
have been correlated. Figures 4.8A and 4.8B show where the numbered channel 
complexes crop out and their interpreted relationship to each other. Figures 4.8C-
4.8F illustrates the geometry and relative ages each of the channel complexes.  
 92 
 
 
Figure 4.7: A) Entire CD Ridge panel. B) 
Enlarged crop of the western CD Ridge panel 
showing the C2 channel complex set. C) 
Correlation panel showing the same enlarged 
crop of the CD Ridge panel showing the six 
main channel complexes that are observed 
and correlated across the syncline (CC1-CC6) 
(See Enclosure 9 for enlarged version). 
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Figure 4.8: Correlation 
panels from the northern 
limb of the Baviaans 
syncline: A) Correlation 
panel showing Units C and 
D, with coloured boxes that 
correspond to the four 
enlarged panel crops (C-F); 
B) Correlation panel showing 
Units C and D with the six C2 
channel complexes that 
correlate to the 
corresponding numbered 
and coloured channel 
complexes identified on the 
CD Ridge panel (Fig. 4.7); C) 
Enlarged panel crop showing 
CC1 and CC5 identified at 
Baviaans Farm; D) Panel 
crop recording CC2 at the 
West Rubbish Dump; E) 
Enlarged panel crop showing 
CC6 observed at the 
Whaleback; and F) Enlarged 
panel crop showing CC3 and 
CC4 at the Old Rubbish 
Dump  (See Enclosure 10 for 
enlarged version). 
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4.7 Palaeogeographic reconstructions 
Using the combined outcrop and core observations from both limbs of the syncline, 
a series of palaeogeographic maps (Fig. 4.9) and cross-sections (Figs. 4.10 and 4.11) 
have been constructed, detailing the evolution of the C2 channel complex set 
through time. 
4.7.1 Palaeogeographic maps and cross-sections 
Figures 4.9, 4.10 and 4.11 show a series of palaeogeographic maps (Fig. 4.9) and 
cartoon cross-sections (Figs. 4.10 and 4.11) reconstructed using field observations 
and the correlation panels in Figures 4.7 and 4.8. These show how the channel 
complexes stacked over time, how the levees were constructed and how and what 
topography may have existed as each complex evolved. The cross-sections shown 
in Figures 4.10 and 4.11 describe the same Timeslices described above in Figure 
4.9. Timeslice One records the map view while Time One records the cross-section 
view. 
4.7.1.1 Timeslice One – CC1 
The first Timeslice (Fig. 4.9A) correlates the oldest and deepest remnant channel 
complex of C2 age recorded on the CD Ridge (CC1, Figs. 4.4 and 4.7) to the deepest 
and oldest channel complex on the northern limb of the Baviaans syncline (CC1 in 
Fig. 4.8). The low degree of asymmetry of the remnant complex preserved on both 
limbs of the syncline suggests that this channel complex had a low degree of 
sinuosity. The 30+ m of incision on this channel complex suggests that it was mostly 
erosionally confined. Any genetically related levee deposits have been removed by 
later channel cuts.  
The cross-sections for Timeslice One (Figs. 4.10A and 4.11A) show the channel 
complex erosion surface down-cutting into the B/C interfan on the southern limb 
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with inferred small, symmetrical external levees adjacent to it (Fig. 4.10A). The 
complex shows similar features on the northern limb but with basal erosion reaching 
just above the B/C interfan (Fig. 4.11A). 
4.7.1.2 Timeslice Two – CC2 
CC2 (Fig. 4.9B) shows the second deepest and oldest complex preserved as two 
remnants on the CD Ridge, highlighted as CC2 in Figure 4.7, both of these directly 
overlie the CC1 complex correlated in Timeslice One. These channel complex 
remnants are correlated to the channel complex mapped out 8.5 km to the ENE 
near the West Dump on the northern limb of the syncline (CC2, Fig. 4.8). The 
asymmetry of the channel complex, with its eastward stepping constituent channel 
elements on the CD Ridge and the preservation of several channel margins 
preferentially on the western side of the complex on the northern limb, implies a 
degree of sinuosity. 
The cross-section of Timeslice Two (Figs. 4.10B and 4.11B) on the south limb shows 
two remnant channel complexes, both of which incise to the base of Unit C, and 
the most western complex is relatively younger than the eastern. Although no 
longer preserved, we interpret asymmetric levees adjacent to these channel 
complexes, with the larger external levee to the west. However, the northern limb 
shows a single symmetrical channel complex that incises to below the base of Unit 
C; it is suggested that the two channel complexes identified on the southern limb 
are undifferentiated on the north limb. Thick external levees are inferred to have 
confined the CC2 complex, possibly aggrading with it. A crevasse splay is present in 
the middle of the western external levee as it is captured on the outcrop correlation 
panel (Fig. 4.8), its position in the middle of the external levee suggests that the 
channel complex and the external levees aggraded quasi-synchronously. 
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4.7.1.3 Timeslice Three – CC3 
The third Timeslice (Fig. 4.9C) shows the correlation of a C2 aged channel complex 
adjacent to the D-slope valley on the CD Ridge (CC3, Figs. 4.4, 4.5, 4.6 and 4.7) 
where constituent channel elements show an eastward stepping trajectory, with 
channel margin material being preferentially preserved to the west. This channel 
complex has been correlated to a channel complex preserved at the Old Rubbish 
Dump exposure (CC3, Fig. 4.8), where channel elements record a similar eastward 
stepping trajectory with extensive channel margin material also preserved towards 
the west. Both channel complexes step east and downcut to the stratigraphic level 
of Sub-unit C1.  
The asymmetry and internal eastward migration of channel elements within the CC3 
channel complexes suggests that external levee deposits associated with these 
channel complexes will be asymmetric, with a thicker levee to the east on both 
limbs of the syncline. At this time, it is most likely that the external levees on the 
southern limb of the syncline were deposited to their furthest extent. 
The cross-section reconstruction for Timeslice Three on the southern limb of the 
Baviaans syncline shows how a channel complex partly truncates the older, eastern 
CC2 channel complex, again, incising to the base of Unit C. Individual channel 
elements in the CC3 channel complex are eastward stepping with higher rates of 
channel preservation towards the east. On the northern limb, this same deeply 
incised and eastward stepping channel element trend is present. It is inferred that 
high, asymmetric external levees bound the channel complex, with the higher 
external levee situated on the eastern margin (on both limbs of the syncline) due 
to flows preferentially overspilling to the east as a consequence of the eastward 
stepping trajectory of the individual channel elements. 
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4.7.1.4 Timeslice Four – CC4 
The fourth Timeslice through C2 (Fig. 4.9D) shows the correlation of the large, 
western CC4 channel complex on the CD Ridge (Fig. 4.7). This complex incises into 
the westernmost exposure of the CC3 channel complex, completely removing any 
related external levee deposits. The lack of exposed channel margin deposits and 
channel element scale surfaces means that the geometry of this channel complex 
has not been fully constrained. It has been correlated to the youngest, asymmetric 
channel complex cropping out at the Old Rubbish Dump (CC4, Fig. 4.8) on the 
northern limb. The asymmetry of constituent channel elements here suggests that 
the channel complex was sinuous in planform, as depicted in the palaeogeographic 
map.  
Topography on the CC3 eastern external levee on the south limb of the syncline is 
likely to have acted to partially confine the eastern external levee of the CC4 
channel complex, making it a ‘confined external levee’, therefore, the eastern 
levee has been shown in pale green, confined by the CC3 eastern external levee 
crest line. The western external levee was not confined so it has been shown to 
cover the entire study area. This pattern is extended towards the northern limb, 
with the eastern CC4 external levee inferred to have been confined by the existing 
topography created by the eastern external levee of CC3, whilst the CC4 western 
external levee is wholly unconfined. 
The cross-sections of Timeslice Four show that CC4 is preserved as a series of 
remnant channel elements on the CD Ridge, with a westward stepping trajectory, 
however as channel margin material has not been preserved for this channel 
complex, its geometry here is difficult to constrain. CC4 has been interpreted to 
correlate to the youngest channel complex exposed at the Old Rubbish Dump (CC4, 
Fig. 4.8), an asymmetric channel complex, with the steeper cut towards the west. 
On both limbs of the syncline, CC4 incised through part of CC3 cutting down to the 
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base of Unit C, removing older external levees genetically related to earlier channel 
complexes. 
It is not known if the external levees of CC4 on the CD Ridge were asymmetric. The 
sketch indicates that a thick eastern external levee on the south limb constructed 
during Time Three acted to confine the Time Four eastern external levee. The 
asymmetry of the channel complex on the northern limb suggests that the external 
levees adjacent to that channel complex are likely to have been asymmetric, with 
a thicker western levee representing an outer bend. As with the southern limb, the 
reconstructed cross-section for the northern limb suggests that the eastern external 
levee of Time Three was high enough to act as a confinement surface to the Time 
Four external levee. 
4.7.1.5 Timeslice Five – CC5 
CC5 shows the palaeogeographic interpretation of the westernmost C2-aged 
channel complexes recorded on the CD Ridge and on the northern limb of the 
syncline opposite Baviaans Farm (Fig. 4.9E). These channel complexes are 
interpreted to correspond to each other as both sets of constituent channel 
elements record prolonged and preferred western stepping, with extensive channel 
margin deposits preserved on both limbs of the syncline (CC5, Figs. 4.7 and 4.8). At 
this time, it is likely that a ‘confined external levee’ was deposited towards the 
east, with a large external levee constructed on the western margin. The map shows 
this channel complex as part of a bend, with the outer bend to the west. 
The palaeogeography map of Timeslice Five shows that the channel complexes are 
once again flowing from S-to-N, where CC5 is preserved as the most westerly 
cropping out channel complex on both the northern and southern limbs. CC5 is 
present as a westerly migrating complex of channel elements with increased 
channel preservation westwards. As with the older asymmetric migrating channel 
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complexes, it is likely that the higher external levee was on the side that the 
channel elements were migrating towards, so in this case, on the western side. It 
is suggested that the thick eastern external levee constructed during Time Three 
on the southern limb of the syncline, confined the eastern external levee associated 
with CC5. On the northern limb, the overspilling flows depositing on the eastern 
external levee are unconfined resulting in the external levee of Timeslice Five 
onlapping the western external levee of Time Four, helping to create a cryptic levee 
history for the northern external levee. 
4.7.1.6 Timeslice Six – CC6 
CC6 is the youngest channel complex recorded on the CD Ridge (CC6, Figs. 4.4, 4.5, 
4.6 and 4.7) and in Bav 1a (Fig. 4.9F). At outcrop this complex is characterised by 
vertically stacked aggradational channel elements confined by internal levee 
deposits (green on the palaeogeographic map). CC6 is correlated to the complex 
exposed at the Whaleback on the northern limb of the syncline (CC6, Fig. 4.8). The 
channel complex at the Whaleback is asymmetric and is positioned high within the 
external levee. The asymmetry of the channel margin deposits indicates that these 
channel elements had a degree of sinuosity, so the channel complex planform has 
been sketched as sinuous in the palaeogeographic map. Internal levees overlying a 
Timeslice Six erosion surface confining the late stage aggradational channel 
complex crop out on both limbs of the syncline. The channel complex on the 
northern limb has a steeper margin to the east, so the map has been constructed 
to show that the channel is erosional and external levee confined to the eastern 
margin compared to confinement by internal levee on the western margin. 
The cross-sections constructed for CC6 (Timeslice Six) on the CD Ridge illustrate 
how it incised into the most eastern area of the CC4 channel complex and the most 
western part of the CC3 channel complex, before aggrading vertically, confined by 
internal levees (Hodgson et al., 2011), which were themselves confined by older 
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external levees constructed during Timeslice Three and Timeslice Five, to the east 
and west respectively. No proximal external levees associated with this channel 
complex have been preserved due to erosion and incision by later channel 
complexes and the Unit D slope valley. 
The cross-section of the northern limb shows CC6 as a highly erosive channel 
complex that incised through external levee deposits, constructed during Time Two 
to Time Five, to the stratigraphic base of Unit C. It is shown to be confined by 
external levees to the east that onlap onto external levees constructed during Time 
Four and by internal levees to the west. This internal levee was confined within the 
Time Six erosion surface and by the high external levee constructed to the west 
during Time Five.  
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Figure 4.9: A series of palaeogeographic maps, reconstructed using correlations between channel 
complexes identified on the north and south limbs of the Baviaans syncline. Small inset correlation 
panels from Figures 4.7A and 4.8A are shown above and below the maps: A) The oldest channel 
complexes (CC1) observed in the study area; B) CC2; C) CC3; D) Reconstructed palaeogeographic 
interpretation correlating CC4 across the study area; E) CC5; F) The youngest channel complex (CC6) 
(See Enclosure 11 for enlarged version). 
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Figure 4.10: A series of cross-sections 
constructed combining observations from 
the CD Ridge panel (Fig. 4.7) and the 
palaeogeography maps of Figures 4.9 
correlations, flattened on the B/C 
Interfan as a datum: A) Reconstructed 
cross-section for Time One; B) 
Reconstructed cross-section for Time 
Two; C) Reconstructed cross-section for 
Time Three; D) Reconstructed cross-
section for Time Four; E) Reconstructed 
cross-section for Time Five; and F) 
Reconstructed cross-section for Time Six 
(See Enclosure 12a for enlarged version). 
 104 
 
 
Figure 4.11: A series of 
cross-sections 
constructed combining 
observations from the 
north limb of the 
Baviaans syncline 
(Figure 8) and the 
palaeogeography maps 
of Figure 4.9A-F, 
flattened on the B/C 
Interfan as a datum: A) 
Reconstructed cross-
section for Time One; 
B) Reconstructed cross-
section for Time Two; 
C) Reconstructed cross-
section for Time Three; 
D) Reconstructed cross-
section for Time Four; 
E) Reconstructed cross-
section for Time Five; 
and F) Reconstructed 
cross-section for Time 
Six  (See Enclosure 12b 
for enlarged version). 
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4.8 Discussion 
4.8.1 Subsurface implications of 1D and 2D data 
Figure 12 is a summary sketch highlighting five of the key learnings from this high-
resolution integrated study of submarine channel complex evolution: 
1. Stratigraphic preservation increases upwards (Fig. 4.4A) so the youngest, 
vertically aggradational channel complex (CC6) is the best preserved of the 
channel complexes on both limbs of the syncline. It is also the most sandstone-
rich and, although it has a large proportion of the fill on the eastern margin as 
heterogeneous thin-bedded deposits (Table 4.1 and Table 4.2), it has the 
highest sandstone percentage on the southern limb of the syncline (Fig. 4.7). 
On average, channel elements are 3.2 m thick, channel complexes are 11 m 
thick, and channel complex sets are 39 m thick. There is a general trend of 
channel complexes and channel elements getting thicker stratigraphically 
through each channel complex set. This reflects the increased preservation 
potential of younger components of a channel complex set. 
2. Although the basal surface of the channel system is the most correlative it can 
be difficult to pick out using well logs alone because mudstone clast 
conglomerate can give high gamma ray readings. The same issue holds when 
trying to identify correlative channel surfaces (channel element, channel 
complex and channel complex set scale) in well logs, however borehole image 
logs can be more helpful (Fig. 4.4A). 
3. Not all channel complexes are intersected in a single vertical well. This is a 
combined function of lateral channel distribution, stacking patterns, sinuosity 
and that a single surface in up-dip locations is represented by multiple channel 
complexes down dip.  
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4. Bav 1a (Fig. 4.4) and Bav 2 (Fig. 4.5) are ~ 700 m apart and although several 
channel element-scale surfaces and channel complex-scale surfaces were 
identified in each of the cores, none of these surfaces could be correlated with 
confidence between the wells using the interpreted hierarchical scale of the 
surface and stratigraphic level, in accordance with the outcrop control. Using 
additional information provided in the outcrop correlation panel from the CD 
ridge (Fig. 4.7) the CC3 and CC6 erosion surfaces were able to be correlated 
between the wells. This study has shown that correlations between channel 
complexes is possible at 10s of metres scale, but is problematic over 100s of 
metres (Fig. 4.6). Also, not all channel complexes observed at outcrop or 
preserved in the system will be recorded in a single 1D penetration. Combining 
observations from both wells, only CC1, CC3 and CC6 were intersected in Bav 
1a and Bav 2, so with core date alone, only half the channel complexes observed 
and correlated would have been resolved. The hierarchy and scale of channel 
erosion surfaces, combined with stratigraphic position, is key when correlating 
and extrapolating in 3D. Dip measurements from electrical borehole image logs 
can be employed to calculate the angle and direction of erosion surfaces to help 
with correlating these surfaces between wells. 
5. Thin-bedded deposits are preserved within the main composite bounding 
surfaces as channel margin (Bav 1a; Fig. 4.6) and internal levee deposits (Bav 2; 
Fig. 4.5). Therefore it is important to consider the environment of deposition of 
thin-bedded heterolithics and their connectivity to sand-rich deposits. 
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Figure 4.12: Figure highlighting five key learnings from this study 1) preservation of channels and channel complexes increases upwards, which will impact reservoir modelling 
approaches and well log interpretations (Fig. 4.4A); 2) Composite base surface most correlative; however, can be difficult to pick on well logs where mudstone clast 
conglomerates are present; 3) Not all channel complexes will have a stratigraphic record in the core; 4) Correlation is on 10s meters scale, not 100s meters (Fig. 4.6); and 
5) Thin beds are present and preserved within the major confinement surface as channel margin or internal levee deposits. External levee deposits are built up over time as 
the system evolved. Dipmeter and sedimentary facies can be used as discriminators. These key learnings can be applied to exhumed and subsurface systems (See Enclosure 
13 for enlarged version). 
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4.8.2 Controls on location and stacking patterns of channels 
A long-term entry point in the southwestern corner of the Baviaans syncline is 
interpreted due to in the presence of channelised axes of Units B, C, and D (Brunt 
et al., 2013a; Di Celma et al., 2011; Hodgson et al., 2011). The coeval shelf edge 
has been removed due to later uplift of the Cape fold belt so the mechanism for 
this long term focus of supply is unknown. 
The palaeogeographic reconstructions for C2 indicate a levee-confined channel 
system that bifurcated down-slope into a series of isolated channel complexes. This 
pattern means that more of the stratigraphic history is preserved as deposits on the 
northern limb of the Baviaans syncline. 
The palaeogeographic maps (Fig. 4.9) show that there were two main clusters of 
channel complexes on the northern limb of the syncline that are separated by ~6 
km of overlapping siltstone-rich external levee deposits (Fig. 4.8), building up a 
composite external levee succession. This composite external levee was built by 
flows escaping from several channel complexes throughout its depositional history 
as shown by Figure 4.11, although there is no evidence that more than one channel 
complex was active at a time. Throughout C2 time, therefore, the escaping flows 
constructed significant and evolving composite levee topography. At any time, the 
inherited composite levee slope would influence the behaviour of sediment gravity 
flows that were able to escape the active conduit. The constructional topography 
being built in this area also limited the potential for an avulsion into this part of 
the slope as there would have been limited accommodation. An example of this 
control is the change from an eastward channel complex orientation in Timeslice 
Four to the westward channel complex orientation in Time Five (Fig. 4.11).  
An internal levee is defined as a constructional feature deposited within the 
confines of a channel belt and its confining surface (Kane and Hodgson, 2011). The 
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situation described here between the western and eastern pathways is different as 
the external levees are partially confined by a constructional slope facing outwards 
from the feeder channel. The term ‘confined external levee’ deposit is more 
appropriate for levee units that are deposited outside the channel-belt confining 
surface, but still feel the influence of an underlying (constructional) 
bathymetry/topography. The fact that many of the deposits will have been 
influenced by an older external levee, supports the interpretation of this as a 
confined external levee. External levees are commonly seen to onlap each other in 
seismic section (e.g. McHargue and Webb 1986; Bastia et al., 2010; Catterall et al., 
2010), and the area between the western and eastern pathway is a rare outcrop 
example of this situation. The sedimentary processes within a confined external 
levee deposit and an internal levee may be similar; therefore the sedimentary 
facies may share affinities, with the deflection of flows by the confining surface 
recorded by the presence of multi-directional current and climbing ripple cross-
lamination. Also, flows deposited within a confined external levee cannot travel as 
far away from the parent conduit as those deposited within a traditional unconfined 
external levee wedge, which will influence bed thickness patterns and bed 
geometries. Hierarchically, these external levees represent an external levee 
complex set but it has not yet been possible to distinguish individual external levee 
complexes and external levee elements. 
4.8.3 Is C2 in the Baviaans syncline an exhumed example of an 
avulsion node? 
Three types of avulsion pattern have been noted in deepwater channel systems; 
seaward/ fore-stepping, landward/ back-stepping and radial/single node (Kolla, 
2007; Armitage et al., 2012). A radial avulsion or an avulsion node is a localised or 
restricted area where several channel avulsions take place over time (Kolla, 2007; 
Armitage et al., 2012). Avulsion nodes can be identified in 3D seismic data where, 
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in map view, channels that share a planform pattern or trend are seen to diverge 
at a discrete location (Armitage et al., 2012). Many triggers for avulsion events have 
been postulated: including allocyclic controls such as changes and fluctuations in 
climate, sea-level, tectonics (Kolla, 2007), and autocyclic controls such as 
increasing channel sinuosity (Kolla, 2007), limited downstream accommodation and 
backfilling of individual channel thalwegs (Prélat et al., 2010) or breaching of a 
levee and response to a different base-level (Fildani et al., 2006; Brunt et al., 
2013b; Covault et al., 2013). Armitage et al. (2012) postulated that positions close 
to the mouth of feeder-channel system would be prone to avulsion events due to 
the associated abrupt decrease in confinement. In addition, outsize, catastrophic 
events could have the capacity to disrupt sediment dispersal patterns quasi-
instantaneously. Deposition of a crevasse lobe (or an avulsion splay) occurs where 
there is available accommodation following an initial breach of an external levee 
(Fildani et al., 2006); as the system stabilises, a channel and levee will develop 
over the crevasse lobe (or an avulsion splay) (Lopez, 2001; Maier et al., 2013). 
The position where divergence in the pathways of channel complexes occurs 
appears fixed during the evolution of C2. This stability points to an underlying 
control, such as a break-in-slope, although this is too subtle to resolve at outcrop, 
or static deep confinement up-dip just beyond outcrop control. Whatever the 
control, this area was prone to abrupt changes in the pathways of channel 
complexes, and is interpreted as a possible avulsion node. 
4.8.4 Where are the C2-aged frontal lobes? 
Frontal lobes deposit basinward of a feeder channel (Posamentier, 2003; 
Posamentier and Kolla, 2003) where flows expand as they transition from a confined 
channelised setting to an unconfined setting; depending on usable accommodation, 
they will deposit rapidly (Morris et al., 2014b). Frontal lobes are commonly 
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deposited during an avulsion event, where the initial deposit may be referred to as 
a crevasse or avulsion lobe before the feeder channel stabilises and lengthens (Fig. 
4.13B). In seismic studies, high amplitude continuous-to-discontinuous reflection 
packages (Posamentier and Kolla, 2003) or HARPs are preserved between or 
underlying channel and levee deposits, as identified in the Amazon, Indus, Zaire 
and Bengal fan systems (Damuth et al., 1988; Flood et al., 1991; Normark et al., 
1997; Pirmez et al., 1997; 2000; Droz et al., 2003; Lopez, 2001; Kolla, 2007) where 
they are commonly interpreted as frontal lobes and/or with avulsion events (Flood 
et al., 1991). The model by Armitage et al. (2012) suggests that frontal lobes 
develop immediately downstream from the change in confinement during an 
avulsion event (Fig. 4.13B). However, the area prone to avulsion and bifurcation of 
channels in C2 is notable for the lack of frontal lobe deposits, although they are 
interpreted in the underlying C1 (Di Celma et al., 2011) and overlying C3 (Morris et 
al., 2014b) units. The wide belt of channel complexes and composite external 
levees on the north side of the Baviaans syncline suggests that the absence of 
frontal lobes at the base of C2 external levees cannot be ascribed to low 
preservation potential. The lack of frontal lobes, and by implication for a tract of 
sand bypass to be maintained during the evolution of C2, is that there was a lack of 
usable accommodation. The most proximal occurrence of C2 lobe deposits is ~25 
km downdip of the study area (Di Celma et al., 2011; Brunt et al., 2013b). The lack 
of frontal lobes associated with the C2 channels in the Baviaans area suggests that 
the divergence of channels in the Baviaans syncline, driven by avulsion processes, 
occurred on the slope, where there may have been a change in gradient, but 
without available accommodation so that the channels remained in sand bypass 
mode (Fig. 4.13A). The implication is that not all avulsion nodes will be associated 
spatially with sand-rich frontal lobe deposits, which is an important consideration 
in subsurface reservoir prediction.  
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Figure 4.13: Schematic sketch showing: A) Map view and cross-section view of a bifurcating system 
that remains in sand bypass mode, where external levee and channel deposits are preserved as 
channels avulse and lengthen basinward; B) Map view and cross-section view of a bifurcating system 
where crevasse lobes develop in front of the channel avulsion. The right-hand channel deposited 
frontal lobe deposits basinward of the channel, these are later cut through by the channel as it 
lengthens, and overlain by external levees. Following avulsion, lobe develop in front of the channel 
as it lengthens basinward. 
4.9 Conclusions 
The C2 deep-water slope system evolved over time. The oldest and most deeply 
incised channel complex is overlain by a series of external levee-confined, laterally 
switching channel complexes that evolved into a vertically aggradational channel 
complex confined by internal and external levees developed. Moving 2 km down dip 
the external levees overlap to form a thick composite external levee succession 
that was supplied by flows escaping from several channel complexes of slightly 
different ages and spatial positions. The growth of this confined external levee 
inhibited channel avulsion into this area, resulting in two main preferential 
pathways being used by channel complexes. The study highlights that a 1D levee 
succession may record discrete overlapping external levees from different channels 
over time. 
The channel stacking patterns and the change from a narrow, focussed system up 
dip to a more dispersed system 2 km down dip, may reflect a structural control 
creating a break in slope, or the presence of a canyon up dip of the present day 
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outcrop limit. The depositional architecture of C2 in the Baviaans syncline may 
record an avulsion node. However, frontal lobes and/or crevasse lobes/splays, 
commonly associated with avulsion nodes, are not present, suggesting that the 
channels remained in sand bypass mode, depositing frontal lobe deposits where 
there was usable accommodation farther down dip. 
This study has shown that at a ~ 0.7 km well spacing, none of the channel element 
or channel complex bounding surfaces (regardless of scale) could be identified in 
both cores with the exception of the main composite bounding surface, therefore 
there was no direct correlation of channel complex scale surfaces possible using the 
core dataset alone. Integrating core and outcrop observations, 3 channel complex 
bounding surfaces were identified in both cores, so with core date alone, only half 
the channel complexes observed in the proximal C2 system and correlated in 3D 
and 4D for this study would have been resolved. Combining datasets from both limbs 
of the syncline and the core dataset has shown that an increasing number of channel 
complexes can be identified and correlated with confidence. In addition, this 3D 
framework highlights that correlating between channel elements and channel 
complexes is largely dependent on the well spacing relative to palaeocurrent; for 
example two wells positioned at 0.7 km (0.435 mi) lateral distance, perpendicular 
to palaeoflow direction did not correlate (Bav 1a and Bav 2), however a well 2 km 
along palaeoflow direction could correlate (on the northern limb of the syncline). 
The integrated study also illustrates that thin-bedded deposits are found within and 
outside channel confinement surfaces, and that their history is complicated and not 
yet fully understood. This detailed study provides a better understanding of how 
the architecture and geometry of a suite of submarine channels and related levees 
evolved through time.
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Chapter 5: Sedimentology, stratigraphic 
architecture and depositional 
context of submarine frontal 
lobe complexes 
ABSTRACT: Frontal lobes develop during discrete periods of progradation in deep-
water systems, and commonly form on the lower slope to base-of-slope. In 
reflection seismic datasets, they are identified as high amplitude reflectors that 
are cut as the feeder channel lengthens. Here, an exhumed sand-prone succession 
(>80% sandstone) from Sub-unit C3 of the Permian Fort Brown Formation, Laingsburg 
depocentre, Karoo Basin, South Africa, is interpreted as a frontal lobe complex, 
constrained by its sedimentology, geometry and stratigraphic context. Sub-unit C3 
crops out as a series of sand-prone wedges. Individual beds can be followed for up 
to 700 m as they thin, fine and downlap onto the underlying mudstone. The downlap 
pattern, absence of major erosion surfaces or truncation, and constant thickness of 
underlying units indicates that the wedges are non-erosive depositional bodies. 
Their low aspect ratio and mounded geometry contrasts markedly with architecture 
of terminal lobes on the basin floor. Furthermore their sedimentology is dominated 
by dm-scale sinusoidal stoss-side preserved bedforms with a range of low-high angle 
climbing ripple laminated fine-grained sandstones. This indicates that the flows 
deposited their load rapidly close to, and downstream from, an abrupt decrease in 
confinement. The sedimentology, stratigraphy, cross-sectional geometry and 
weakly confined setting of a sand-prone system from the Giza Field, Nile Delta is 
considered a close subsurface analogue, and their shared characteristics are used 
to establish diagnostic criteria for the identification and prediction of frontal lobe 
deposits. In addition, deposits with similar facies characteristics have been found 
at the bases of large external levee deposits in the Fort Brown Formation (Unit D). 
This could support models where frontal lobes form an initial depositional template 
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above which external levees build, which provides further insight into the initiation 
and evolution of submarine channels. 
5.1 Introduction 
Sand-prone deposits in deep-water settings are generally attributed to either high-
aspect ratio terminal lobes that form sheet-like deposits in distal areas, or the axial 
fills of submarine channels, whereas fine-grained material is commonly 
concentrated in levees or distal lobe fringe settings. This grain-size segregation is 
attributed to stratified turbidity currents that concentrate the coarser fraction at 
the base of the flow, whilst the finer fraction can overspill or be stripped into 
overbank settings thereby narrowing the grain-size range down slope (Piper and 
Normark 1983; Hiscott et al. 1997a; 1997b; Peakall et al. 2000; Kane and Hodgson 
2011). Sand-prone submarine channel-fills and lobes have been widely studied in 
modern and ancient systems for both academic and industry purposes (e.g. Bouma 
1962; Posamentier et al. 1991; Mutti and Normark 1991; Weimer et al. 2000; Mayall 
and Stewart 2000; Gardner et al. 2003; Posamentier 2003; Posamentier and Kolla 
2003; Hodgson et al. 2006; Pyles 2008; Romans et al. 2011; McHargue et al. 2011). 
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Figure 5.1: A selection of annotated seismic images in both map and cross-section views (A-D) showing 
high aspect ratio sand-rich wedges on submarine slopes. The yellow and white lines on the map view 
sections of A-C show the positions of the cross-section slices (through submarine channels, levees and 
lobes). D is an expanded view of the cross-section in A), showing a series of stacked low-relief channel-
levees with bright amplitudes, separated by mudstone intervals. 
Numerous wedge-shaped, high amplitude depositional elements adjacent to 
channels do not conform to the simple models of sand distribution in either low 
aspect ratio channel-fills or high aspect ratio lobes (Fig. 5.1). Mayall and O’Byrne 
(2002) documented the occurrence of mud-filled channels flanked by low aspect 
ratio sandy wedges; superficially similar features have also been described from 
high amplitude reflection packages (HARPs) at the base of external levees in the 
Amazon Fan (e.g. Flood et al. 1991; Normark et al. 1997). Within the constraints of 
seismic data, the high-amplitude reflectors can be interpreted as sand-prone levees 
that formed through overspill of sand-prone flows from an adjacent channel (Mayall 
and O’Byrne 2002), or as remnants of precursor or frontal lobes formed by flows 
that spread laterally outward from a channel mouth before being overlain by a levee 
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as the channel propagated into the basin (e.g. Normark et al. 1997). A plethora of 
terms have been used to describe similar features, including crevasse lobe/splays, 
avulsion lobes/splays, frontal lobes/splays and precursor lobes/splays in seismic 
datasets (e.g. Posamentier et al. 2000; Mayall and O’Byrne 2002; Posamentier, 
2003; Posamentier and Kolla 2003, Ferry et al., 2005; Wynn et al. 2007; Cross et al. 
2009; Armitage et al, 2012). Here, we prefer the term lobe to splay, and make a 
distinction between frontal lobes, which are deposited ahead of a feeder channel 
that lengthens into the basin and incises through its own deposit, and crevasse lobes 
that are deposited adjacent to a channel and can mark the beginning of a channel 
avulsion cycle. 
Here, the focus is on frontal lobes. Currently, there are no published diagnostic 
criteria that can be used across different datasets to aid the characterisation and 
prediction of high amplitude sand-rich wedges, or to discriminate from crevasse 
lobes or sand-rich levees. In part this is due to the paucity of outcrop examples 
where sub-seismic observations of sedimentary facies can be made. The limitations 
of outcrops mean that uncertainties remain in relation to the geographic position, 
geometry, and stratigraphic relationship of interpreted frontal lobes and the feeder 
channel (e.g. Etienne et al. 2012; Brunt et al. 2013a). Where lobes develop 
immediately basinward of the mouth of their feeder channels they can form an 
important component in the assemblage of erosional and depositional features that 
can develop in channel-lobe transition zones (e.g. Morris et al. 1998; Wynn et al. 
2002). 
An exhumed sand-prone deposit (Sub-unit C3) in a lower submarine slope setting 
with an unusual cross-sectional geometry, and low aspect ratio isopach ‘thicks’ and 
‘thins’, is identified in the Fort Brown Formation, Laingsburg depocentre, Karoo 
Basin, South Africa. The study leverages detailed outcrop characterisation from 
both mapping and behind outcrop research boreholes We consider a frontal lobe 
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complex origin for the units, based on documentation of process sedimentology, 
stratigraphic architecture, and depositional context. The key differences between 
frontal lobes and terminal lobes are reviewed, augmented with subsurface data 
from the Nile Delta. The results provide insight into the origin and evolution of 
sand-prone wedges associated with channels on the submarine slope, providing 
diagnostic criteria that will help in the future identification and characterisation of 
frontal lobes at outcrop and in the subsurface. 
5.2 Geological setting and stratigraphy 
The study area is located 14 km west of the town of Laingsburg, Western Cape, 
South Africa and forms part of the deep-water fill of the Laingsburg depocentre of 
the southwestern Karoo Basin. The Permo-Triassic Karoo Basin has been interpreted 
as a retroarc foreland basin (e.g. Cole 1992; Visser 1993; Veevers et al. 1994; 
Catuneanu et al. 1998; Catuneanu et al. 2005) although more recent work suggests 
that subsidence during the Permian deepwater phase was driven by dynamic 
topography associated with subduction (Tankard et al. 2009). The progradational 
basin-floor to upper-slope succession is over 1.4 km thick (Flint et al. 
2011)(Fig.5.2A), beginning with the distal basin-floor Vischkuil Formation (Van der 
Merwe et al. 2009; 2010), which is overlain by basin-floor and base-of-slope systems 
of the Laingsburg Formation (Units A and B; Sixsmith et al. 2004; Grecula et al. 
2003a; Brunt et al. 2013a; Prélat and Hodgson 2013). The overlying Fort Brown 
Formation is a muddy submarine slope succession with slope channel-levee systems 
containing Units C-G (Grecula et al. 2003b; Figueiredo et al. 2010; 2013; Hodgson 
et al. 2011; Di Celma et al. 2011; Brunt et al. 2013b; Morris et al. 2014). Exposures 
are found along the limbs of E-W trending and eastward plunging post-depositional 
anticlines and synclines, such as the Baviaans syncline (the southern study area, 
Fig. 5.2C), and the Zoutkloof syncline (the northern study area, Fig. 5.2B). 
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Sandstone prone units form topographic ridges between recessively weathered 
mudstone-prone units. The regional palaeoflow direction in Units C and D, recorded 
from ripple cross lamination and flute casts, is NE-ENE (Hodgson et al. 2011). 
 
Figure 5.2: A) Stratigraphic column showing the stratigraphy of the study area. Unit C is highlighted. 
B) Expanded log highlighting Units C and D, showing the internal tripartite stratigraphy of Unit C and 
the broad depositional environments associated with each sub-unit. C) Location map highlighting the 
northern and southern field areas (Zoutkloof and Baviaans synclines respectively) near the town of 
Laingsburg, Western Cape, South Africa. The pale grey area marks the outcrops of the Laingsburg 
Formation and the dark grey shows the outcrop pattern of the Fort Brown Formation. The white and 
black dots represent sedimentary log positions, the red and black dots highlight the positions of the 
Bav 1A and Bav 6 boreholes, and the green and black dot shows the location of the sedimentary log in 
Fig. 5.4. The dark purple, purple and blue lines highlight the positions of the correlation panels in Fig. 
5.6. C) Map of Baviaans syncline study area, with the CD ridge highlighted showing the Unit D slope 
valley incised into Unit C (see Hodgson et al, 2011 for more details). 
Unit C and the overlying 25 m thick C-D regional mudstone has been interpreted as 
a composite sequence, with Unit C representing a lowstand sequence set that 
comprises three sequences (Flint et al. 2011). The lowstand systems tracts to these 
three sequences are sand-prone Sub-units C1, C2 and C3 (Di Celma et al. 2011). The 
lowstand systems tract of the youngest sequence, C3, is the focus here. C3 is 
bounded by two regional mudstones that serve as reliable regional markers; an 
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underlying 8 m thick mudstone separating C2 and C3 (the upper C mudstone, which 
is the combined transgressive and highstand systems tracts to sequence C2), and 
the overlying ~25 m thick C-D mudstone (Hodgson et al. 2011). Di Celma et al. 
(2011) mapped a basinward stepping trend from Sub-units C1 to C2, with a landward 
stepping component in the form of C3, suggesting a long-term waxing then waning 
of overall flow energy and volume through the evolution of the composite sequence. 
On the north and south limbs of the Baviaans syncline (Fig. 5.2C), C1 and C2 are 
primarily thin-bedded siltstones and fine-grained sandstones. C1 is attributed to 
frontal lobe processes, and the strata are up to 15 m thick (Di Celma et al. 2011). 
C2 is interpreted as an external levee deposit (up to 42 m-thick) that partially 
confined a channel system filled with thick bedded structureless sandstones and 
internal levee deposits (up to 80 m thick) (Di Celma et al. 2011; Kane and Hodgson 
2011; Hodgson et al. 2011; Morris et al. 2014). To the north, in the Zoutkloof farm 
area (Fig. 5.2B), Di Celma et al. (2011) noted that Unit C1 attains a maximum 
thickness of 65 m, comprising meter-scale packages of tabular bedded sandstone 
interpreted as terminal lobe deposits. The overlying C2 succession (60 m thick) 
consists of thin bedded sandstone and siltstone, with some amalgamated sandstone 
beds towards the base, and is interpreted as an external levee deposit with the 
genetically related channel-fill units that trend eastwards (Di Celma et al. 2011). 
The impact of this depositional relief on sedimentation patterns in C3 is discussed 
below.  
5.3 Methods 
The geometry and facies distribution of Sub-unit C3 have been mapped from the 
Baviaans farm area for 22 km downdip, covering an area of 175 km2 (Fig. 5.2B; 5.2C) 
in which it ranges in thickness from ~60 m on the northern limb of the Baviaans 
syncline to zero where it downlaps onto the underlying upper C mudstone, and is 
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typically 10-20m thick in the study area. Field-based sedimentological and 
stratigraphic observations include 56 measured sections (2.7 km cumulative 
thickness); 7 sections on the southern limb of the Zoutkloof syncline, 36 on the 
northern limb of the Baviaans syncline and 13 sections on the southern limb of the 
Baviaans syncline – the CD Ridge (Fig. 5.2). The geometry of C3 was mapped using 
the stratigraphic top of C2 as a lower datum and the base of Unit D as an upper 
datum (except in areas where D is an entrenched slope valley, Hodgson et al. 2011). 
Sub-unit C3 has been described in detail in cores from two research boreholes (Bav 
1A and Bav 6), drilled behind outcrops of the CD Ridge allowing for outcrop to 
subsurface correlation and calibration (Fig. 5.2D; Morris et al. 2014).  
5.4 Sub-unit C3: Sedimentary Facies Associations 
The deposits of the Laingsburg and Fort Brown formations have a narrow grain-size 
range; from hemipelagic mudstone to a maximum grain-size of fine-grained sand. 
Within the confines of the study area, Sub-unit C3 consists mainly of thinly bedded 
sandstone and siltstone. C3 overlies the upper C mudstone across a gradational 
contact, characterised by thin (<1 cm) alternating beds of sandstone and siltstone; 
the unit is sharply overlain by the C-D mudstone. Four main sedimentary facies 
associations have been identified within Sub-unit C3: FA1 – Siltstone-prone thin-
bedded deposits; FA2 – Sandstone-prone thin-bedded deposits; FA3 – Sandstone-
prone thick bedded deposits; and FA4 – Structured sandstone (see Fig. 5.3). 
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Figure 5.3: The four main facies associations identified within Sub-unit C3. 
C3 is characterised by a distinct succession of sedimentary facies associations (Fig. 
5.4A); FA1, is preserved as the basal metre of C3 throughout the study area (Fig. 
5.4A) and in core (Fig. 5.5A). Overlying FA1 is the coarser grained FA2, FA3 and FA4 
facies associations (Fig. 5.5.4A). This succession consists of very coarse siltstone-
to-very fine-grained sandstone beds that are 0.05-0.4 m thick, organised into 0.1-
0.4 m thick bedsets that are characterised by sinusoidal laminae and climbing ripple 
laminae (Fig 5.4E). Palaeoflow directions measured from these structures are 
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towards the N/NE (030-130 degrees). In the Bav 1A core (Fig. 5.5), the sinusoidal 
laminae of FA3 are defined by concave-up through sub-parallel and low angle to 
convex-up laminae-sets (Fig. 5.5E). There are multiple cm-scale erosion surfaces 
present, across which some minor truncation of laminae is observed throughout the 
unit (15 recorded from the 15.5 m thickness of C3 in Bav 1A); however, major 
(meter-scale) erosional surfaces are not identified in core or at outcrop. Commonly, 
the upper contact of C3 comprises a bed of very fine sandstone 0.4-0.7 m thick, 
which locally contains climbing ripple cross-lamination or dewatering structures
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Figure 5.4 Sedimentary log and representative photographs of sedimentary facies associations. A) 
Sedimentary log through Sub-unit C3 (northern limb of Baviaans syncline, green and black dots shown 
on Fig. 5.2C), Upper C mudstone shown below and C-D mudstone above. B) Low angle climbing ripple 
lamination in very fine-grained sandstone. C) Rippled upper bed contact of very coarse siltstone bed 
within C3. D) Sigmoidal laminae in very fine-grained sandstone (50 cm thick bed). E) Very coarse 
siltstone with sinusoidal laminae and lenses of very fine-grained sandstone. F) Sinusoidal laminae 
transitioning to ripple laminated strata in the upper 5 cm of the very fine-grained sandstone bed. G) 
Climbing ripple lamination in very fine-grained sandstone, with stoss side preservation. H) Interbedded 
very fine-grained sandstone and very coarse siltstone with sinusoidal laminae. Scales: pencil (15 cm); 
lens cap (6.5 cm); compass (9 cm); coin (1.5 cm); geologist (1.70 m) (See Enclosure 14 for enlarged 
version)..
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Figure 5.5: A) Gamma-ray log and B) 
sedimentary log through Sub-unit C3 in Bav 
1A. C) Core photographs showing examples 
of the sedimentary facies associations 
identified in C3: Ci), Ciii) and Civ) are 
magnified sections of very fine-grained 
sandstone beds with concave- to convex-up 
laminae (FA3 and FA4) – these laminae are 
the expression of asymmetric sinusoidal 
bedforms in core, as in simple line sketch of 
part E). Cii) is a magnified section of the 
lowermost meter of C3, featuring thinly 
interbedded sandstone and siltstone with 
mudstone drapes, low intensity bioturbation 
and occasional current ripple lamination 
(FA1). D) Interpreted core photos from Part 
C. E) Representative sketch (normally 15-20 
cm thick) of the sinusoidal laminae and how 
they appear in core as a series of concave up 
through convex up laminae (See Enclosure 
15 for enlarged version). 
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5.4.1 Facies Association Interpretation 
The stratigraphic context of Sub-unit C3 in a submarine slope setting is well 
established (Flint et al. 2011; Hodgson et al. 2011; Di Celma et al. 2011). The thin-
bedded nature, subtle normal grading and tractional structures of the thin-bedded 
tabular sandstones and siltstones indicate deposition from low-density and dilute 
turbidity currents in a relatively unconfined setting. The presence of mud drapes 
suggests that there was a significant hiatus between events associated with 
hemipelagic fallout. Alternatively, the mudstone drapes record the very fine-
grained fallout from dilute tails of turbidity current (Td and Te beds) that mostly 
bypassed the area (cf., Mutti and Normark, 1987), suggesting that large events were 
more continuous. 
The climbing ripple cross-laminated thick-bedded sandstone and siltstone facies, 
characterised by the presence of dm-scale sinusoidal stoss-side preserved laminae 
and low-to-high angle (10˚-40˚) climbing ripple lamination indicates high rates of 
sediment fallout and tractional deposition that is attributed to rapid expansion and 
deposition from moderate-to-low concentration turbidity currents (Allen, 1973; 
Jobe et al. 2012). The erosion surfaces identified in core may indicate some minor-
to-moderate reworking of bed-tops by more energetic turbidity currents.  
5.4.2 Significance of Aggradational Bedforms 
The dm-scale stoss-side preserved sinusoidal lamination so prevalent throughout C3 
is similar in form to the sinusoidal ripple lamination described by Jopling and Walker 
(1968); Type B and S climbing ripple lamination described by Allen (1973); and the 
sinusoidal laminae described by Hunter (1977) and Jobe et al. (2012). Climbing 
ripple lamination results from the action of unidirectional currents (Allen 1973), 
and require bedload transport and simultaneous high rates of suspended sediment 
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load fallout (Sorby 1859; 1908). These conditions are typical of non-uniform 
depletive flows (Kneller 1995). Sinusoidal lamination is shown to be a form of 
climbing ripple cross-lamination produced on a spectrum largely dependent on the 
degree of stoss-side preservation (Jopling and Walker, 1968). According to Jopling 
and Walker (1968) and Allen (1973), the type of ripple lamination produced depends 
upon the rate of fallout from suspension; the higher the volume of fine grained 
material falling out of suspension, the lower the rate of stoss-side erosion, allowing 
a higher angle of climb and more complete preservation of a lamina. Allen (1971a, 
1971b; 1973) noted that climbing ripple lamination is significant as it preserves the 
only bedform that can be used to determine the short-term rate of deposition. The 
highly aggradational nature of the sinusoidal laminae within C3 indicates persistent 
high rates of deposition, which suggests that sediment gravity flows were expanding 
and depositing rapidly (highly non-uniform, (Kneller 1995)). Locally, the 3D 
asymmetric bedform formed by the sinusoidal laminae is observed (see Fig. 5.5.12b 
of Kane and Hodgson, 2011). It is likely that the flows were long-lived enough to 
create sedimentation rates that exceeded rates of erosion at the ripple 
reattachment point, forming stoss side preserved highly aggradational deposits 
(Jobe et al. 2012). The lack of high-relief erosional contacts would also suggest that 
events of this nature were continuous rather than sporadic. This is consistent with 
the interpretation that the mm-thick mud laminae derive from continuous events 
and are the products of fine-grained, dilute turbidity current tails (Td and Te beds; 
cf., Mutti and Normark, 1987).  
That this sedimentary facies association dominates much of Sub-unit C3 indicates 
that the processes were governed by flows characterised by high sedimentation 
rates. Mechanisms that could explain this repeated non-uniform and depletive flow 
behaviour include the presence of a change in gradient, the abrupt transition from 
confined to unconfined settings such as at the terminus of confined channels (e.g., 
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Mutti and Normark, 1987; Normark and Piper, 1991; Wynn et al, 2002), or 
overspilling onto an external levee (Jobe et al. 2012).  
5.5 Sub-Unit C3: Deposit Geometry and facies 
association distribution 
The geometry and depositional architecture of C3 along the limbs of the Baviaans 
and Zoutkloof synclines has been documented by mapping the uniformly thick 
mudstone stratigraphic marker beds that bound C3 and through physical correlation 
of beds by walking them out between closely spaced measured sections (Fig. 5.5 
and 5.6). 
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Figure 5.6: Correlation panels 
showing the geometry of sub-
unit C3 throughout the study 
area. Panel A) records C3 on the 
south limb of the Zoutkloof 
syncline, panels B) and C) show 
C3 on the northern and 
southern limbs of the Baviaans 
syncline respectively. The 
outcrop has been measured and 
described in over 50-logged 
sections for 22 km down dip. 
The northern limb of the 
Baviaans syncline (B) records 
the most significant lateral 
variability in the thickness of 
this unit. The palaeocurrent 
trend of each panel is shown in 
the rose diagrams. D) Isopach 
map showing the distribution of 
Unit C3 throughout the study 
area. E) Palaeocurrent data 
recorded on the south limb of 
the Zoutkloof syncline, F) the 
north limb of the Baviaans 
syncline and, G) the south limb 
of the Baviaans syncline. H) The 
total palaeocurrent trend of C3 
throughout the study area. Note 
that inset boxes highlight the 
locations of outcrop and core 
photographs presented in 
Figures 5.4 and 5.5 (See 
Enclosure 16 for enlarged 
version). 
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Figure 5.7: A) Expanded view of the correlation panel in Figure 5.6B showing the depositional ‘thicks’ and ‘thins’. B) Close-up correlation panel crop from the Baviaans North 
correlation panel highlighting the downlapping beds, variability in facies associations across the ‘thicks’ and ‘thins’, as well as the locations of the sedimentary log in Fig. 
5.4A and the bed-scale correlation panel of Fig. 5.8. C) Aerial photograph showing Sub-unit C3 in pale yellow; the top surface of C2 and the basal surface of D highlight the 
presence of the bounding mudstones. The sedimentary characteristics of the ‘thicks’ and ‘thins’ are shown with facies association code labels.
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Along the southern limb of the Baviaans syncline (CD Ridge), C3 thins from 15 m at 
the nose of the syncline, to less than a meter eastwards over a distance of 2 km 
across depositional strike (Fig. 5.6B). Individual beds thin, fine and downlap towards 
the east onto the underlying mudstone, i.e. the thicker bedded climbing ripple 
cross-laminated sandstones (FA3 and FA4) thin, fine and downlap, passing into the 
thin-bedded siltstones laterally (FA2 and FA1). Exposure is curtailed at the 2 km 
point where a Unit D-aged entrenched slope valley 120 m deep and 2 km wide 
incises through C3 and earlier deposits (Fig. 5.6C; Hodgson et al. 2011). However, 
C3 is present beyond the eastern edge of the Unit D slope valley, manifest as a 1.4 
m thick thin bedded (FA1) unit that continues for 8 km, gradually thinning and fining 
before pinching out (Fig. 5.6C). C3 is not observed again along the south limb of the 
Baviaans syncline beyond this pinchout point. No large-scale erosive features within 
or at the base of C3 have been observed on either side of the Unit D slope valley 
and palaeocurrents record the N-to-NE directed regional palaeoflow. The Bav 1A 
research borehole provides some north-south control: at outcrop close to the 
borehole position C3 is approximately 7-8 m thick. In the core, approximately 300 
m away in the subsurface, it is 15.5 m thick, indicating abrupt thickening (~2.5 
m/100 m) to the north. 
Along the northern limb of the Baviaans syncline C3 thins westward from 17.5 m to 
3 m, then thickens to more than 60 m over ~2 km across depositional strike (2.5 
m/100 m), before thinning again to 15 m at the closure of the Baviaans syncline 
(Fig. 5.6B). In strike section (Figs. 5.6B and 5.7A), two sandstone-prone zones or 
'thicks' have aspect ratios of ~50:1 for the western thick and 600:1 for the eastern 
thick. Where C3 thins from 17.5 m to 3 m, individual beds can be walked out for 
over 700 m as they thin, become finer grained, and downlap onto the underlying 
mudstone (Fig. 5.6B, 5.7A, 5.7B, 5.7C and 5.8).  
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Figure 5.8: (left) 22 detailed logs through a single bed over 150 m, oriented along strike to palaeoflow. This highlights the lateral distribution of sedimentary structures 
as the bed thins through a series of photographs (also shown above). The position of this transect on the northern limb of the Baviaans syncline is highlighted on Figure 
5.7B. 
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As these beds thin and fine laterally, the distribution of sedimentary structures 
varies from sinusoidal laminae to climbing ripple lamination in sandstone (Fig. 5.8) 
before passing into siltstone. The aspect ratio of 50:1 of the western ‘thick’ is 
similar to channelised features and/or HARPs as plotted by Piper and Normark 
(2001). The lack of major erosional features, the lateral fining and thinning of 
strata, and the constant thickness of the underlying mudstone indicate that the 
variable thickness geometry is a consequence of deposition rather than erosion (Fig. 
5.7B and 5.7C). Therefore a channelised mode of formation of these deposits is 
unlikely. of sedimentary structures as the bed thins through a series of photographs 
(also shown above). The position of this transect on the northern limb of the 
Baviaans syncline is highlighted on Figure 5.7B. 
Where C3 is <3 m thick (e.g. eastern exposures on the CD Ridge, south limb of 
Zoutkloof syncline) it is thinner bedded and finer grained, comprising 1-3 cm thick 
beds of interbedded coarse-siltstone to very fine-grained sandstone with planar and 
locally current ripple cross lamination. Sandstone beds are separated by 1-2 mm-
thick mudstone beds with low intensity bioturbation; it is the same facies 
association that is observed in the lowermost meter of C3. As C3 thickens westward 
to a maximum of ~60 m (Fig. 5.6), there is a localised increase in sandstone 
percentage through the full thickness of the sub-unit, from <20% in the ‘thins’ 
(where the unit is 3-17.5 m thick) to over 50% in the ‘thicks’ (~60 m thick). In the 
thickest areas individual sandstone beds are typically characterised by sinusoidal 
laminae. 
At all of the measured sections on the northern limb of the syncline, palaeocurrent 
directions derived from ripple foresets indicate that flow was towards the N-to-NE 
(Fig. 5.6F) following the regional palaeoflow direction (within a 40° range). This 
same northeasterly palaeocurrent trend is recorded in beds that thin to the west. 
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Further north on the southern limb of the Zoutkloof syncline C3 is thinly bedded 
(comprising the thin-bedded sheet-like sandstones and siltstones of FA1) and has 
been mapped for 18 km down dip (Fig. 5.6A). Overall, it varies slightly in thickness 
(1.5-3 m); however, one section records a thickness of 15.3 m and comprises 
stacked beds dominated by sinusoidal laminae, representing another depositional 
sand-prone 'thick' with similar sedimentary facies association. The isopach map 
shows the distribution of Sub-unit C3 throughout the study area (Fig. 5.6D). 
5.6 Discussion 
5.6.1 Depositional Environment of C3 
Sub-unit C3 is unlike any other unit observed in the Laingsburg and Fort Brown 
Formations, with an unusual cross-sectional geometry of low aspect ratio mound 
shaped sandstone-prone 'thicks' containing beds that downlap towards siltstone-
prone thinner areas, or 'thins', with a consistent N-to-NE palaeoflow (Figs. 5.6B, 
5.7B, 5.7E and 5.7G). There is no evidence for: (i) substantial erosion at the base 
or the top of C3; or (ii) erosional channel deposits or surfaces. Furthermore, no 
increase in the thickness of mudstone above C3 is evident (Figs. 5.6 and 5.7), 
suggesting that there are not a series of mudstone-filled channels to account for 
the observed thickness variations. Therefore, the C3 mounds are interpreted to be 
depositional in origin. The occurrence of such depositional units in the absence of 
erosional confinement, but with the widespread occurrence of physical structures 
attributable to aggradational bedforms that indicate rapid rates of deposition, does 
not fit a simple range of deep-water architectural elements (Allen 1973; Jobe et al. 
2012). Possible depositional environments and palaeogeographic configurations that 
could explain the stratal geometry and physical sedimentary characteristics are 
considered.  
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Figure 5.9: Summary sketch showing the main depositional environments under consideration to 
account for the depositional geometry and sedimentary facies associations of Sub-unit C3. The inset 
cross-sections A-E show the different stratal termination patterns expected for each depositional 
environment: A) External levees; B) Sediment waves, or large-scale bedforms; C) Crevasse lobes ; D) 
Offset stacked frontal lobes and E) forward stepping frontal lobes. 
5.6.1.1 Levees 
External levees are wedge-shaped constructional features formed by turbidity 
currents that overspill channel confinement, and fine, thin and downlap away from 
the related submarine channels (e.g., Buffington, 1952; Shepard and Dill, 1966; 
Skene et al. 2002; Kane et al. 2007; Kane and Hodgson 2011; Morris et al. 2014). 
Commonly, external levees form thin-bedded and mud- and silt-prone successions 
(e.g. Pirmez et al. 1997; Kane and Hodgson 2011) that typically fine- and thin-
upwards as confinement increases (e.g. Walker 1985; Manley et al., 1997; Morris et 
al. 2014). However, more sand-prone wedges adjacent to channels that are 
attributed to levee deposition have been interpreted from subsurface data (Mayall 
and O’Byrne 2002). In external levees, proximal to distal relationships, relative to 
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the genetically-related channel, in terms of the distribution of sand and bed 
thickness are notable, corresponding to relative flow velocities as interpreted from 
sedimentary structures, i.e. beds are thinner and finer and indicative of lower 
energy further away from the channel (Piper and Deptuck, 1997; Kane et al. 2007; 
Morris et al. 2014).  
Comparison to C3: The lateral thinning, fining and bed downlap of C3 is comparable 
to that of an external levee (Fig. 5.9A). Sedimentologically, C3 shares similarities 
with the basal deposits of other documented external levees in the Fort Brown 
Formation (Figueiredo et al. 2010; Hodgson et al. 2011; Di Celma et al. 2011; Brunt 
et al. 2013b; Morris et al. 2014) although these other examples progressively fine- 
and thin-upwards into siltstone-prone successions (cf., Manley et al., 1997; Kane 
and Hodgson 2011; Morris et a. 2014). Commonly, sandstone dominated deposits 
are found at the base of levees, when flows were less confined and the sandy parts 
of flows were able to spill into overbank areas (Damuth et al. 1988; Flood et al., 
1991; Pirmez and Flood, 1995; Kane and Hodgson 2011). These deposits can also 
represent earlier frontal splays/lobes that have been incised and overlain by 
younger levee deposits as the channel lengthened and confinement increase 
through erosion and/or construction (Gardner et al. 2003; Beaubouef 2004; Ferry 
et al., 2005). No C3 aged channel has been identified at outcrop throughout the 
study area, although it is plausible that evidence for it was removed by the later 
entrenchment of the Unit D slope valley on the southern limb of the Baviaans 
syncline (Hodgson et al. 2011). Also the low aspect ratio of the sand prone ‘thicks’ 
and the mound shape differs from a typical levee wedge (Skene et al. 2002; Kane 
et al. 2010), which tapers away from the genetically related channel. 
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5.6.1.2 Terminal Lobes 
Terminal lobes form in distal reaches of a distributive system in very low gradient 
settings, and are typically dominated by tabular (sheet-like), sandstone rich 
deposits (Etienne et al. 2013). The geometry and distribution of terminal lobe 
sedimentary facies have been documented in the adjacent Tanqua depocentre 
(Prélat et al. 2009), and a similar range of facies and stacking patterns have been 
identified in terminal lobes of Unit A in the underlying Laingsburg Formation (Prélat 
and Hodgson 2013). Low aspect ratio sand-rich units have been identified in the 
most distal portions of lobes exposed in the Tanqua depocentre (e.g. Rozman 2000; 
van der Werff and Johnson 2003; Prélat et al. 2009). These features form an uneven 
geometry in strike section with several ‘thins’ and ‘thicks’ up to several hundred 
meters wide in the distal fringe of the basal lobe in lobe complexes (Prélat et al. 
2009). There is no evidence for basal erosion, and in map view these feature form 
depositional finger-like projections (Rozman 2000; Groenenberg et al. 2010). In 
terms of sedimentary facies, the fingers most commonly comprise amalgamated 
fine-grained sandstone abundant of dewatering structures, or turbidites with linked 
debrites in which upper argillaceous divisions are rich in mudclasts and 
carbonaceous material (Haughton et al. 2009; Hodgson 2009).  
Comparison to C3: C3 is situated on a submarine slope above channel-levee systems 
(Sub-unit C2), the low aspect ratios and mounded geometry of these features, as 
well as the highly depositional and aggradational sedimentary facies association 
dominated by climbing ripple laminae, contrasts with terminal lobes identified on 
the basin floor in the Karoo Basin (Prélat et al. 2009). For these reasons, C3 in the 
study area is not interpreted as a terminal lobe complex. Although the distal 
‘fingers’ of terminal lobes in the Tanqua depocentre also form sand-rich units of 
variable thickness in strike section, and are depositional in origin, their 
sedimentology and palaeogeographic position are markedly different. High aspect 
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ratio fine-grained sandstone packages in Sub-unit C3, with more tabular bedded 
sandstone deposits that contain turbidites with linked debrites are identified >15km 
farther into the basin to the east. These deposits meet criteria proposed by Prélat 
and Hodgson (2013) for the identification of terminal lobes (Fig. 5.10).  
5.6.1.3 Crevasse Lobes 
Lateral or crevasse lobes are sand-prone units deposited on levee flanks (Fig. 5.9C). 
They are formed by turbidity currents that breach an external levee (Posamentier 
and Kolla, 2003; Morris et al. 2014), and can precede a channel avulsion (e.g. Fildani 
and Normark, 2004; Brunt et al. 2013a). Posamentier and Kolla (2003) documented 
an example from the Gulf of Mexico covering 50 km2. Commonly, the site of 
deposition of a crevasse lobe is weakly confined and allows flows to spread out and 
form both parallel and subtly lens-shaped seismic facies (Flood et al. 1991; Pirmez 
et al. 1997). Cores taken through these deposits as part of IODP leg 155 shows they 
are characterised by thick-bedded sandstones that are coarse grained in relation to 
the surrounding levee deposits and are rich in mud clasts in beds exceeding 1 m in 
thickness (Pirmez et al. 1997).  
Comparison to C3: Sinuous channels are commonly invoked to explain the presence 
of crevasse lobes (Keevil et al. 2006; Peakall et al. 2000). Sinuous channels are 
interpreted to be mature channels that have been established for relatively long, 
sustained periods of time (Peakall et al. 2000; Maier et al. 2013). Crevasse lobe 
deposits has been interpreted within levee successions elsewhere in the field area 
(Morris et al. 2014), and are only a few metres thick. There is no levee associated 
with C3 throughout the entire field area, this suggests that it is unlikely that the 
‘thicks’ are the result of crevasse processes from a sinuous channel into an external 
levee setting.  
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5.6.1.4 Frontal Lobes 
The term frontal lobe, or splay, refers to a relatively unconfined deposit formed 
basinward of the feeder channel (Posamentier and Kolla 2003) (Figs. 5.9D and 5.9E). 
A series of frontal lobes can stack to form a frontal lobe complex (sensu Prélat et 
al. 2009) as the feeder channel lengthens into the basin. The channel will incise 
through its own deposit, as a new lobe forms farther basinward. The stacking 
patterns of the lobes can be either forward stepping where the feeder channel cuts 
through the axis of the lobe complex (Fig. 5.9E), or a laterally offset pattern where 
the feeder channel will deviate to avoid the axis of each lobe (Fig. 5.9D). As a result 
of this partial cannibalisation, frontal lobe complexes are preserved as remnants 
that are cut by genetically-related channels during system progradation (e.g. Brunt 
et al. 2013a). The channel-lobe transition zone (CTLZ) is defined as the region that, 
within any turbidite system, separates well-defined channels or channel-fill 
deposits from well-defined lobes or lobe facies (Mutti and Normark 1987). In modern 
settings, the CLTZ is characterised by scours and erosional lineation’s separated by 
patchily distributed sands (e.g. Wynn et al., 2002; MacDonald et al. 2011). This 
geographic area can move gradually or abruptly through time, depending on 
changes in parameters such as seabed gradient and flow magnitude. As such the 
architecture expression of the CLTZ in stratigraphic successions can be elusive 
(Gardner et al. 2003). Typically, the seismic character of frontal lobes is manifest 
as part of composite high amplitude continuous reflection packages (HARPs; Damuth 
et al. 1988; Piper and Normark 2001; Posamentier and Kolla 2003).  
Comparison to C3: The sedimentological evidence for persistent rapid deposition 
from turbidity currents, the distinctive low aspect ratio depositional geometry 
supports an interpretation of C3 in the Baviaans Farm area as a series of frontal 
lobes that form a frontal lobe complex (Fig. 5.10). The presence of C3-aged 
terminal lobes down-dip indicates that there was sediment bypass in the western 
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part of the Baviaans syncline during the evolution of C3. Therefore, the frontal lobe 
complex is interpreted to have been fed by an interpreted channel system to the 
south that followed a ENE path with a similar trend to the entrenched Unit D 
channel system (Hodgson et al. 2011; Brunt et al. 2013b). This explanation accounts 
for the consistent direction of palaeocurrent data at an angle to the hypothesised 
ENE-trending channel to the south (Figs. 5.7G and 5.10) and the sedimentological 
evidence of rapid deposition as flows exited the abrupt terminus of a feeder channel 
that propagated into the basin. The lack of truncation associated with the ‘thins’ 
does not support an interpretation of frontal lobes with a forward stepping pattern 
(Fig. 5.9E). However, the downlapping pattern, palaeocurrents, and depositional 
geometry are consistent with an off-axis dip section through a series of laterally 
offset frontal lobes (Fig. 5.9D). In the main study area (blue box on Fig. 5.10A), the 
depositional ‘thick’ on the north limb of the Baviaans syncline (Figs. 5.6B, 5.7A and 
5.10B) comprises dominantly FA3 and FA4 and is interpreted to form part of a 
frontal lobe axis, and the thinner bedded FA2 and FA3 dominant deposits associated 
with the depositional ‘thins’ are interpreted as frontal lobe off-axis to frontal lobe 
fringe deposits. In sedimentary process terms, the CLTZ records the abrupt 
downstream transition of flows from a confined to unconfined state, and this change 
in flow behaviour is recorded in C3 deposits. Frontal lobe deposits are one of an 
assemblage of depositional and erosional features that can be used to identify CLTZ 
in the rock record. Other features, including mud-draped scour-fills, backset 
bedding, and depositional barforms (e.g. Ito et al. 2014), are not identified in C3. 
However, this might be due to the exposures being at the edge of the. Figure 5.10 
illustrates a palaeogeographic reconstruction of C3 as a series of laterally offset 
frontal lobes to the west and terminal lobe deposits to the east, with the main 
sediment pathway to the south.  
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Figure 5.10: A) Map view of the palaeogeographic reconstruction of Sub-unit C3 as a set of laterally 
offset frontal lobes (the outcrop extent of the Fort Brown Formation is superimposed. The blue box 
contains the main study area as recorded in the correlation panels of Figure 5.6. B) Cross-section view 
of the A-A’ section line. This line follows the approximate position of the outcrop –correlation panel 
(Fig. 5.6B) on the northern limb of the Baviaans syncline. Towards the west, the pale yellow and dark 
green areas on both the map and the cross-section represent sand-rich frontal lobe deposits (FA2, FA3 
and FA4) and the brown is fringe deposits (FA1), whilst the terminal lobes are represented towards 
the east in yellow and red-brown. On the cross-section, the pale grey is the C-D mudstone and the 
dark grey is the Upper C mudstone. 
5.6.2 Why Is This Deposit Preserved In This Area? 
Geometrically, C3 ‘thicks’ are closer in aspect ratio to erosional channels (AR = 
~10:1) than to weakly confined lobe/splay deposits (AR = ~100:1) (Clark et al. 1992; 
Piper and Normark 2001; Prélat et al. 2010). The unusual geometry of the composite 
C3 deposit could be attributed to the influence of older deposits to the north that 
formed depositional relief. Di Celma et al. (2011) recognized that Sub-unit C1 
attains a maximum thickness of 65 m at Zoutkloof farm (highlighted in Fig. 5.2), 
and interpreted that this deposit controlled the change in orientation of C2-aged 
channel complexes to the east, and the formation of thick C2 external levees in the 
Zoutkloof area. This inherited depositional relief may have partially confined the 
flows that comprise C3 deposits, fostering a build-up of significant depositional 
relief in the Baviaans area, close to channel mouths (Fig. 5.10). 
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Di Celma et al. (2011) interpreted that in the study area Sub-unit C1 consists of 
lobe deposits, and C2 is a channel-levee complex set. Considering that C3 is 
interpreted as a frontal lobe complex, the Unit C composite sequence, therefore, 
is interpreted to represent a progradational-to-retrogradational stepping lowstand 
sequence set of lower to mid slope deposits overlain by the draping C-D mudstone, 
which forms the combined transgressive/highstand sequence set (Flint et al., 2011; 
Di Celma et al., 2011). C3 represents the retrogradational section of the Unit C 
sequence set, following the basinward advance of C2. At this late stage in the 
lowstand sequence set it is suggested that the flows feeding the frontal lobes of C3 
did not have the power to incise through the previously deposited sandstone-prone 
‘thicks’, inhibiting further basinward propagation of the channels.  
The physical structures of Sub-unit C3 are consistent with non-uniform flow and 
rapid expansion and deposition from moderate-to-low concentration turbidity 
currents. An abrupt shift from confined to unconfined conditions at the terminus of 
channels is envisioned, perhaps enhanced by a reduction in gradient. The scale, the 
low aspect ratio of the C3 mounds, the presence of the highly tractional bedforms 
and the slope setting support a frontal lobe complex interpretation for the ‘thicks’ 
and ‘thins’ of C3. According to Groenenberg et al. (2010), sediment gravity flows 
that supply terminal lobes on the basin floor are influenced by much more subtle 
topography and are less likely to undergo rapid deposition. 
5.6.3 Can Frontal Lobes Form Parts Of External Levee 
Successions? 
5.6.3.1 Comparison to the Unit D external levee – CD Ridge 
C3 shares some sedimentological characteristics with the basal parts of external 
levees in the Fort Brown Formation (Morris et al. 2014), but lacks the distinctive 
fining- and thinning-upward siltstone-prone character of many external levees (cf., 
Manley et al., 1997). The Unit D external levee (sensu Kane and Hodgson, 2011) has 
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a distinctive facies association distribution in 1D allowing the identification of two 
main depositional phases that are responsible for the resultant levee deposit (Morris 
et al. 2014). In Bav 1A, Unit D is ~70 m thick, the lowermost 20-25 m of Unit D has 
a similar facies association and facies distribution to that observed in C3 with FA1 
dominant in the basal 1m, overlain by FA2, FA3 and FA4 comprising thick-bedded 
(0.1-0.4 m) coarse siltstone and very fine sandstone, dominated by sinusoidal 
laminae (Morris et al. 2014). Overlying this 20-25 m interval, Unit D is siltstone 
dominated (~5-10% very fine sandstone) and thinner bedded. The prevalent 
sinusoidal, aggradational bedforms are still observed, however planar lamination is 
the dominant sedimentary structure. Not only are there sedimentary facies 
association similarities between the lower part of Unit D and C3, but studies 
completed on the western external levee of the CD Ridge (Kane and Hodgson 2011; 
Morris et al. 2014) show that individual beds at the base of Unit D thin and fine in 
grain-size, as they downlap onto the underlying mudstone, away from the main 
channel, similar to the pattern observed in C3 (Fig. 5.7B and 5.8). The highly 
aggradational nature and apparent unidirectional current laminations present in 
Unit D suggest that large volumes of sediment were rapidly deposited. The vertical 
change in facies within the Unit D external levee succession suggests that higher 
and more dilute parts of flows spilled onto the levee as the distance between the 
base of the channel and the levee crest increased through a combination of erosion 
and construction.  
The similarity in facies association and geometry of the basal 20-25 m of the Unit D 
external levee and C3 in Bav 1A suggests a similar set of formative processes, and 
therefore, that the vertical facies association change through Unit D developed in 
response to the change from weakly- to highly-confined. More specifically, we 
speculate that the lower part of the external levee wedge is a preserved remnant 
of a frontal lobe that formed prior to the establishment of a confined channel 
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conduit. Once the channel was established, only dilute parts of flows were delivered 
to the overbank area (Hodgson et al. 2011). Shallow subsurface (Flood and Piper 
1997; Lopez 2001; Babonneau et al. 2002; Fonnesu 2003; Ferry et al. 2005; Bastia 
et al. 2010; and Maier et al. 2013) and outcrop (Gardner et al. 2003; Beaubouef 
2004; Kane and Hodgson 2011) datasets have recorded similar observations of sand-
rich intervals partially eroded by a genetically related channel and later overlain 
by external levee deposits. The lack of an overlying external levee facies above C3 
in the study area suggests that a large entrenched levee-confined channel system 
did not develop, possibly due to the long term waning sediment supply consistent 
with the backstepping trend in this last sequence of the Unit C lowstand sequence 
set. 
5.6.4 Comparison with Subsurface Examples 
A series of subsurface examples highlighting high amplitude, apparent sandstone-
dominated wedge-shaped deposits adjacent to submarine channels are presented 
in Figure 5.1. Within the constraints of the seismic data, the sand-prone wedges 
can be interpreted in different ways: (1) sand-prone levees derived from spill of 
flows from an adjacent channel (Mayall and O’Byrne 2002); or (2) frontal lobes 
arranged in a forward-stepping or laterally-offset stacking pattern deposited at the 
terminus of a channel that lengthened and partially eroded through its own deposits 
(Fig. 5.9D and 5.9E). The precise stratigraphic relationship between the channel 
and the sand-prone wedges and the environment of deposition of the high-
amplitude wedges is difficult to constrain. Furthermore, the lithology and 
sedimentary facies association of these deposits are not calibrated by cores. Here, 
we present a high-resolution subsurface dataset of interpreted frontal lobes that 
integrates 3-D seismic data with well logs and cores from the Giza Field, offshore 
Egypt. The integrated dataset provides insight into the seismic architecture, 
internal geometry, stacking patterns and sedimentary facies associations of a 
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deposit considered analogous to that studied in Sub-Unit C3 in the Fort Brown 
Formation. 
5.6.4.1 Giza Field West Nile Delta: weakly confined frontal lobes 
The Giza Field, West Nile Delta, is in a Pliocene upper-slope channel complex set 
(composite submarine conduit fill) characterised by an erosionally bound 160m 
thick deposit that is 2.5 km wide and drapes a 20 x 10 km wide plunging anticline 
(Butterworth and Verhaeghe, 2012). This conduit can be tracked for a distance of 
>100 km, and it transitions into a constructional (i.e., levee-confined) system on 
the lower slope. A four stage evolution has been interpreted from mapping that 
comprises (i) incision, (ii) sediment bypass, (iii) aggradational fill above the basal 
erosion surface, and (iv) constructional fill and abandonment adjacent to levee 
confinement (Butterworth and Verhaeghe 2012). Seismically well imaged high 
amplitude reflectors in the latest stage of the constructional fill are penetrated by 
wells with conventional core data. The suitability of these high-amplitude reflectors 
as subsurface analogues to the C3 frontal lobes is considered. Within the weakly 
confined setting of the Giza Field, the seismic expression of these architectural 
elements in seismic profile is a number of wedges that thin away from a channel 
(Fig. 5.11). Geometrically, this relationship would support an interpretation of a 
conventional constructional levee. However, the high seismic resolution in map-
view indicates that these architectural elements are a series of down-slope shingled 
lobate bodies deposited during the late-stage abandonment of the slope channel 
complex set (Fig. 5.12). 
5.6.4.2 Sedimentology and stratigraphy 
The late stage weakly confined lobes comprise a 24 m thick succession bounded at 
the base by a thin poorly sorted muddy sand with rafted, deformed sandstones that 
overlies a décollement surface interpreted as a debrite (Fig. 5.11). The lower 12 m 
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thick unit is dominated by amalgamated medium to fine grained structureless 
sandstones with abundant pipe and dish dewatering structures intercalated with 
thin layers of small mudclasts.  
The lower unit is overlain by a 10 m thick stratified siltstone and very fine-grained 
sandstone succession. Thin sandstone beds are current ripple laminated, with 
thicker beds containing climbing ripple lamination. These are interpreted as the 
deposits of low-density turbidity currents that decelerated and deposited rapidly 
(Fig. 5.11). A diverse ichnofacies assemblage, with a predominance of Chondrites 
and Planolites is consistent with episodic deposition. The entire succession is 
interpreted to represent initial deposition of high concentration turbidity currents 
in front of feeder channels that became unconfined, overlain by deposits from low 
concentration turbidity current that spilt out from adjacent channels during supply 
of sand to the next lobe down the depositional slope (Fig. 5.11).  
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Figure 5.11: (A) 2D strike-oriented seismic reflection section showing the Giza North channel-levee-
complex set and the position of the Giza North-1 well with gamma ray and resistivity logs displays. (B) 
Giza North-1 shale petrophysical log through the Giza Field channel-levee complex set highlighting 
the late stage stacking patterns within the weakly confined lobes; scale is 0-100%, green for shale, 
yellow for sandstone, blue for water and red for gas saturation. The conventional core images of the 
facies associations identified include: i) décollement surface overlain by debrite; ii) amalgamated, 
dewatered sandstone punctuated by mudstone clast conglomerates; and ii) upper thin-bedded 
climbing ripple cross-laminated, bioturbated sandstones, and their position is cross-referenced on the 
shale petrophysical log. 
5.6.4.3 Seismic Expression 
Each frontal lobe covers around 2 km2 and in strike section is characterised by 
asymmetric low aspect ratio wedges at the apex of each lobe, separated by a single 
channel element (~250 m wide and ~15 m deep) (Fig. 5.12). The seismic facies 
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expression of each lobe is characterised by a distributive pattern of small channel-
form features emanating from the apex of each lobe that passes down-dip into a 
frondescent fringe (Fig. 5.12). As the channel lengthened a series of lobes 
developed to form a lobe complex with a downslope offset stacking pattern. In part, 
the highly asymmetric cross-sectional geometry of each lobe reflects the style of 
channel lengthening whereby the thickest part of each frontal lobe is avoided as 
the feeder channel lengthens. The consistent dimensions of these lobes (1 km wide, 
2 km long) reflects the available accommodation within this weakly confined 
setting, and is attributed to the development of shallow syn-sedimentary slides on 
the down-dip side of the deeper seated structural closure (Butterworth and 
Verhaeghe 2012). 
In summary, the seismic expression integrated with the sedimentology and stacking 
pattern of high amplitude architectural elements deposited in a weakly confined 
setting are interpreted as frontal lobes with a downslope stacking pattern overlain 
by levees that formed as the feeder channel lengthened. 
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Figure 5.12: (A) 3D seismic reflectivity horizon slice of the late stage weakly confined constructional fill of the Giza channel complex set (southward view up depositional 
dip), draping the southerly plunging limb of a 3-way structural anticline.  Higher amplitude responses reflect thicker intervals (up to 15m) with higher net: gross (>0.60), 
based on calibration to the Giza North-1 well. (B) Cartoon visualisation of the Giza Field late stage laterally offsetting elongate lobes.  Lobe dimensions are around 2km2, 
which is interpreted to reflect the generation of accommodation by shallow detached slide scars.  Frontal lobes are offset stacked and fed by a channel element that 
propagated through switching to alternate sides of the weakly confined channel complex set. In seismic cross-section the frontal lobes display a profile similar to that of an 
external levee. 
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5.6.4.5 Comparison to Sub-unit C3 
The evolution of a deep-water system is controlled by a unique interaction of 
intrinsic and extrinsic factors, which means that comparisons drawn from an 
interpreted analogue system should be made with caution. This is particularly 
important to consider when assessing the similarity of an outcrop and subsurface 
dataset. Nonetheless, the weakly confined frontal lobes of the Giza Field, West 
Nile, share some key similarities with the C3 succession, which could help the 
development of diagnostic criteria for the identification and prediction of frontal 
lobes in other systems. 
The scale and geometry of the wedge-shaped low aspect ratio architectural 
elements in both systems are comparable (Figs. 5.10 and 5.11). Furthermore, the 
architectural elements are sand-rich, form depositional relief and downlap 
patterns. In terms of geographic setting, both systems show evidence of weak 
confinement. In the case of the Giza Field this was generated by constructional 
relief and underlying structural control and in the case of C3 by interpreted 
inherited depositional relief. In both systems, the frontal lobes are formed, and 
preferentially preserved, during the abandonment stage of a long-term regressive 
to transgressive cycle (Di Celma et al. 2011; Butterworth and Verhaege, 2012). 
However, in terms of sequence hierarchy it is not clear if both systems represent 
similar scales or durations. The 3D visualisation image (Fig. 5.12) shows a downslope 
stacking of lobes, in a laterally offset pattern, to form a frontal lobe complex on 
the upper slope similar to the map view palaeogeographic interpretation of C3 in a 
lower slope setting (Fig. 5.10). Finally, the process sedimentology of the two 
systems shares affinities. The narrow grain-size range in Sub-unit C3 results in 
differences in the exact sedimentary structures observed; however, in process 
terms there is evidence of rapid deposition from turbidity currents in both systems. 
One difference is that no overspill deposits have been identified above the C3 
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frontal lobes. This is attributed to the geographic cut of the outcrop being off-axis 
from the feeder channel. 
With similarities drawn between the interpreted frontal lobes in a subsurface 
dataset and an exhumed system diagnostic criteria can be developed to help in the 
identification of frontal lobe at outcrop, and prediction of their characteristics in 
the subsurface where there is a paucity of high resolution data. Key attributes that 
can be used for the interpretation of frontal lobes include: i) sedimentary structures 
that indicate rapid deposition from turbidity currents as flows pass from confined 
to unconfined; ii) evidence for weak confinement and/or gradient changes that 
promote rapid changes in flow behaviour and limit lateral stacking of sedimentary 
bodies; iii) close stratigraphic and spatial association with a feeder channel; iv) the 
low aspect ratio geometry of architectural elements with depositional relief; v) a 
stratigraphic evolution from frontal deposits to channel-overbank deposits as levees 
are established as the feeder channel lengthens; and vi) preferential preservation 
during periods of overall waning sediment supply. If frontal lobes develop during 
the waxing stage of a sediment supply cycle their preservation potential is lower, 
and they are likely to be overlain by external levee successions. More examples 
from ancient systems at outcrop and the subsurface and their integration with 
numerical and physical modelling studies are needed to help refine these initial 
observational criteria for the identification of frontal lobes. 
5.7 Conclusions 
A rare example of an exhumed deep-marine frontal lobe complex that formed in a 
lower slope position prior to deposition of terminal lobes farther down-dip is 
interpreted from the Fort Brown Formation, Karoo Basin (sub unit C3). Identification 
is facilitated due to the absence of overlying external levee or channel deposits. 
The absence of C3 equivalent channel or overlying levee is attributed to a 
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combination of routing of the feeder channel to the south of the deposit studied 
due to depositional relief formed by underlying deposits and the position of C3 as 
the retrogradational sequence in the Unit C lowstand sequence set, likely reduced 
the tendency of the channel to lengthen and incise, thereby limiting the 
development of an overlying levee. The mounded geometry of ‘thicks’ and ‘thins’ 
mapped and correlated at outcrop is interpreted to be depositional in origin, as 
beds are observed to thin and downlap onto the underlying mudstone rather than 
being truncated by erosion surfaces. Characteristic aggradational, dm-scale 
sinusoidal laminae (stoss-side preserved), with low-high angle climbing ripple 
laminated fine-grained sandstones, indicates high rates of sediment fallout that is 
attributed to the rapid expansion and deposition from turbidity currents at the 
abrupt termini of feeder channels. 
Deposits that are similar in cross-sectional geometry and consistent with the map 
view palaeogeographic interpretation of the outcrop have been imaged in seismic 
data from the Giza field (Egypt). In seismic, frontal lobes are represented by high 
amplitude sheet-like reflection packages (HARPs) that are generally cut by a 
channel. As slope channels lengthen and incise through earlier frontal lobes, they 
deposit a new lobe farther basinward in either a forward stepping or a laterally 
offset pattern. The partial cannibalisation by parent channels is one reason why the 
identification of frontal lobes is challenging at outcrop. The distinctive sedimentary 
facies association of the outcrop, dominated by climbing ripple laminae (with and 
without stoss-side preservation) and the unusual mound-like geometry of the low 
aspect ratio ‘thicks’ and ‘thins’, could permit identification of frontal lobe deposits 
in lower slope settings elsewhere in outcrop and in seismic datasets. This 
interpretation would imply that there was an abrupt change in flow confinement, 
and that frontal lobes are an important component in channel-lobe transition zones. 
This is significant as frontal lobe complexes are sandstone-prone units with abrupt 
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terminations and presumed ideal rock properties (e.g., high porosity and 
permeability) with good connectivity; they therefore have the potential to act as 
hydrocarbon reservoirs, but do not conform to simple models of deep-water sand 
deposition in the axes of channel-fill or terminal lobes. 
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Chapter 6 Origin, Evolution and Anatomy 
of Silt-prone Submarine 
External Levees 
ABSTRACT: Submarine external levees are constructional features that develop 
outside slope channel systems, and are a volumetrically significant component of 
continental margins. However, detailed observations of their process sedimentology 
and depositional architecture are rare. Extensive exposures of external levees at 
multiple stratigraphic intervals and well constrained palaeogeographic positions in 
the Fort Brown Formation, Karoo Basin, South Africa have been calibrated with 
research boreholes. This integrated dataset permits their origin, evolution and 
anatomy to be considered, including high-resolution analysis of sedimentary facies 
distribution, and characterisation of depositional sub-environments. Initiation of 
external levee construction is commonly marked by deposition of a basal sand-rich 
facies with sedimentary structures indicating rapid deposition from unconfined 
flows. These deposits are interpreted as frontal lobes. Propagation of the parent 
channel, and resultant flow confinement, leads to partial erosion of the frontal lobe 
and development of constructional relief (levees) by flow overspill and flow 
stripping. Overall fining- and thinning-upwards profiles reflect increased flow 
confinement and/or waning flow magnitude through time. Identification of a 
hierarchy of levee elements is not possible due to the absence of internal bounding 
surfaces or sharp facies changes. The downslope taper in levee height and 
increasing channel sinuosity results in increasing numbers of crevasse lobe deposits, 
and is reflected by the increased occurrences of channel avulsion events downdip. 
External levees from the Fort Brown Fm. are silt-rich; however their origin, 
evolution, and distribution of many components (sediment waves, crevasse lobe) 
share commonalities with mud-rich external levees. An idealised model of the 
stratigraphic evolution and depositional architecture of external levees is 
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presented, and variations can be attributed to allogenic (e.g. sediment supply) and 
autogenic (e.g. channel migration) factors. This study provides a reference point to 
encourage further investigation and testing via numerical and physical experiments, 
and mapping of high resolution seismic and outcrop datasets 
6.1 Introduction 
Submarine levees are often readily identifiable in subsurface seismic and seabed 
datasets as constructional features that taper away from submarine channel 
systems and can be kilometres-wide and 10s to 100s of metres thick (e.g. 
Buffington, 1952; Normark et al., 1980; McHargue and Webb, 1986; Flood and Piper, 
1997; Hiscott et al., 1997a; 1997b; Clemenceau et al. 2000; Migeon et al., 2000; 
2001; 2004; Babonneau et al. 2002; 2010; Piper and Normark, 2001; Mayall and 
O’Byrne, 2002; Skene et al., 2002; Deptuck et al., 2003; 2007; Posamentier, 2003; 
Posamentier and Kolla, 2003; Schwenk et al., 2005; Wynn et al., 2007; Carmichael 
et al., 2009; Nakajima and Kneller 2013). There is a physiographic difference 
between external levees (also referred to as ‘high-levees’ (Piper et al., 1999) or 
‘master-bounding levees’ (Posamentier, 2003; Kane et al., 2007)) and internal 
levees (also referred to as ‘inner levees’ (Hübscher et al., 1997; Babonneau et al. 
2004; 2010); and ‘confined levees’ (Piper et al., 1999; Kane et al., 2007)) sensu 
Kane and Hodgson (2011). External levees that bound channel-belts are built by 
deposition from the low density upper part of density stratified turbidity currents 
that overspill erosional or constructional confinement of the related submarine 
channel system (e.g. Cronin et al., 2000; Hickson and Lowe, 2002; Beaubouef 2004; 
Kane et al., 2007; Kane and Hodgson, 2011). External levees are generally mud- and 
silt-rich, although sand-rich external levees (Mayall and O’Byrne, 2002), sand-rich 
components within external levees (Hiscott et al., 1997a; 1997b), and levees with 
clay to pebble grain-size ranges (Dykstra et al. 2012) have been documented.  
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An overall fining- and thinning-upward trend in an external levee succession is 
commonly reported, which is interpreted to be due to increasing confinement and 
reducing overspill of turbidity currents through time (e.g. Hiscott et al., 1997a; 
1997b; Peakall et al., 2000; Posamentier, 2003; Schwenk et al., 2005). Sand-rich 
deposits have been found toward the bases of external levees in both modern and 
ancient examples (Damuth et al., 1988; Clemenceau et al., 2000), which have been 
interpreted to be deposits from crevasse and avulsion processes and/or earlier 
frontal lobes that have been overlain by younger levee deposits as the parent 
channel lengthened (Flood et al., 1995; Flood and Piper, 1997; Kane and Hodgson, 
2011). The large-scale architecture and main components of external levees, 
including sediment waves and crevasse deposits, have been documented from 
seismic and seabed datasets, however the distribution of sedimentary facies 
remains poorly constrained. Where the distribution of grain-size and bed 
thicknesses has been constrained channel proximal to channel distal trends have 
been identified, i.e. beds are thinner, finer and indicative of lower energy further 
away from the channel (DeVries and Lindholm, 1994; Piper and Normark, 1997; 
Beaubouef, 2004; Kane et al., 2007; Kane and Hodgson, 2011). Currently, however, 
there is no comprehensive assessment of the sub-seismic characteristics and 
components of external levees. In part, this is because exhumed examples tend to 
be described from single outcrops, the palaeogeographic context is not always well 
constrained, and cores and well logs are rarely positioned to intersect these fine-
grained features.  
Here, however, multiple examples of exhumed silt-rich external levees of the 
Permian-aged Fort Brown Formation, Laingsburg depocentre, Karoo Basin, South 
Africa are described in detail. Regional mapping (Di Celma et al. 2011; Brunt et al. 
2013a) allows the position of external levee successions on the palaeoslope and 
their relationship to the parent channel system to be constrained. The multiple 
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outcrop examples are augmented by several fully cored research boreholes that 
intersect external levees. This unique integrated core and outcrop dataset allows 
the following objectives to be addressed: i) to describe the depositional 
architecture and components of multiple external levee successions; ii) to 
document the distribution of sedimentary facies, and the components of external 
levees; iii) to discuss the origin and sub-seismic evolution of external levees; and 
iv) to compare silt-rich external levees with their mud-rich counterparts. The 
significance of this study is that it syntheses for the first time the origin, 
sedimentary process evolution, and depositional architecture of multiple silt-rich 
external levee, which are a major component of continental slope stratigraphic 
record. Sedimentology and key architectural components of external levees. 
6.1.1 Process sedimentology of a levee 
External levees are built by sediment-laden flows that undergo two main processes 
of overbanking; i) flow stripping and ii) overspill (Peakall et al., 2000; Kane et al. 
2010). Flow stripping was originally described as a process whereby large-to-
medium magnitude stratified flows split into two main components as the flow 
navigates a channel bend; the coarser fraction of the flow remains confined by the 
channel, whereas the upper finer grained fraction escapes confinement, depositing 
beyond the levee crest (Piper and Normark, 1983; Bowen et al., 1984; Leeder, 1999; 
Peakall et al., 2000). Overspill is the process that occurs when a turbidity current 
is thicker than the depth of channel confinement, allowing part of the flow to 
escape beyond the crest of the external levee (Hay et al., 1982; Clark and Pickering, 
1996; Hübscher et al., 1997). 
When individual flows escape from channel confinement they undergo expansion, 
resulting in rapid deposition. The bulk of the sediment within the flow is deposited 
in channel-proximal areas with individual beds thinning and fining away from the 
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channel. Levees taper in thickness away from the channel because of this channel-
proximal to channel-distal relationship, which controls the distribution of 
sedimentary facies and sand within a levee. 
6.1.2 Components of an external levee 
The characteristics of external levees vary depending on grain-size range, stratal 
relationship to the channel, conduit history etc., which are discussed in more detail 
below; however there are some general features that are common to most systems 
and have been described in the literature. Figure 6.1 illustrates the broad scale 
geometry and common characteristics of an external levee as described from 
reflection seismic and sidescan sonar datasets (e.g. Clemenceau et al., 2000; 
Migeon et al., 2000; 2001; 2004; Skene et al., 2002; Deptuck et al., 2003; 2007; 
Babonneau et al., 2010) and outcrop observations (Hickson and Lowe, 2002; Browne 
and Slatt, 2002; Beaubouef, 2004; Kane et al., 2007; Figueiredo et al., 2010; 
Campion et al., 2011; Kane and Hodgson, 2011; Khan and Arnott, 2011). Kane and 
Hodgson (2011) provided a scheme to sub-divide external levees about the external 
levee crest, which is the highest point of the external levee and is aligned sub-
parallel to the channel belt. Levee crests might be constructional where there is 
stratigraphic continuity with the conduit-fill and separate strata that dip towards 
the channel from strata that dip away from the channel, or form cut crests where 
erosion and/or remobilisation results in lateral stratigraphic discontinuity (Kane and 
Hodgson, 2011). The inner external levee refers to the area channel-proximal to 
the levee crest (Kane et al., 2007; Kane and Hodgson, 2011). The deposits are more 
sand prone due to their proximal location and are also prone to instability and mass 
movement toward the channel conduit. 
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Figure 6.1: Cartoon of an external levee and slope valley-fill that highlights the nomenclature used and the key components identified and characterised in this study. These 
features are not discrete areas on the levee, however, this subdivision allows individual components of the levee to be examined. Heavier stipple indicates relatively higher 
amount of sand (See Enclosure 17 for enlarged version). 
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The outer external levee refers to the area outboard of the levee crest (Kane et 
al., 2007; Kane and Hodgson, 2011), where overall the deposits are thinner and 
finer grained compared to inner external levee areas with rare soft-sediment 
deformation (Kane et al., 2007; 2010). 
Here, this broad scale subdivision of an external levee relative to the levee crest is 
modified to account for proximity to the channel through time and space.  
6.2 Geological setting and stratigraphy 
 
Figure 6.2: Location map that highlights the study area near the town of Laingsburg, Western Cape, 
South Africa (inset maps). The pale grey area marks the outcrops of the Laingsburg Formation and the 
darker grey shows the outcrop pattern of the Fort Brown Formation. The boxed areas show the 
geographic position of figures referenced throughout the chapter. 
The study area lies within the Laingsburg depocentre, SW Karoo Basin, South Africa 
(Figs. 6.2 and 6.3), which is interpreted to be part of the fill of a retroarc basin 
(e.g. Cole, 1992; Visser, 1993; Veevers et al., 1994) where subsidence was initially 
load-driven through dynamic subduction and later dominated by flexural loading of 
a retro-arc thrust belt during the Triassic (Tankard et al., 2009). The progradational 
basin-floor to upper-slope succession shown in Figure 6.3 (A and B), is over 1.4 km 
thick (Flint et al., 2011) and crops out along a series of east-west trending, eastward 
plunging, post depositional anticlines and synclines, near the town of Laingsburg, 
Western Cape, South Africa. Deep-water deposition began with the distal basin-
floor Collingham and Vischkuil Formations (Van der Merwe et al., 2009; 2010). These 
deposits are overlain by basin-floor and base-of-slope fan systems of the Laingsburg 
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Formation (Units A and B; e.g., Sixsmith et al., 2004; Brunt et al., 2013a; Fig. 6.3A). 
The overlying muddy slope succession of the Fort Brown Formation, the focus of 
this study, is punctuated by sandstone rich Units C-G, which comprise slope 
channel-levee systems (Grecula et al. 2003; Figueiredo et al. 2010; Hodgson et al. 
2011; Di Celma et al. 2011; Fig. 6.3A), which crop out as a series of prominent 
ridges separated by recessive mudstone units. The deep-water succession is late 
Permian in age (Fildani et al. 2009). 
A long-lived sediment entry point is interpreted SW of the closure of the Baviaans 
syncline that was active during the deposition of Units B, C and D (Di Celma et al. 
2011; Hodgson et al. 2011; Brunt et al. 2013a). During the deposition of Unit E the 
main input point was along strike to the north with incisional channels identified in 
the Zoutkloof and Heuningberg areas (Figueiredo et al. 2010; 2013).  
Unit C is the lowermost sandstone-prone unit of the Fort Brown Formation, and it 
includes two regional mudstones that separate the succession into sand-prone Sub-
units C1, C2, and C3 (Di Celma et al., 2011). Each sub-unit is interpreted as a 
lowstand systems tract, with Unit C forming a lowstand sequence set that, 
combined with the overlying 25 m thick regional mudstone (separating Units C and 
D), forms a composite sequence (Flint et al., 2011). Di Celma et al. (2011) mapped 
and described a basinward progradational trend from Sub-unit C1 to C2, with a 
landward stepping/retrogradational component during the deposition of Sub-unit 
C3, suggesting a waxing then waning of overall flow energy and volume throughout 
Unit C time. In proximal areas of the Baviaans syncline Sub-unit C2 comprises an 
external levee-confined channelised system that incises through C1 and removes 30 
m of the underlying mudstone between Unit B and Sub-unit C1 (Hodgson et al., 
2011; Di Celma et al., 2011). 
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Figure 6.3: (A) Stratigraphic column showing the generalised stratigraphy of the Ecca Group. (B) Expanded stratigraphic column showing the units described in this study 
(Units C-F of the Fort Brown Formation) are highlighted. Vertical scale is in kilometres. (C) Expanded location map showing the geographical distribution of the data. The 
white and black dots represent sedimentary log positions; the red and black dots highlight the positions of the Bav 1a, Bav 2 and Bav 6 research boreholes. The green, blue, 
red and orange lines highlight the positions of the correlation panels constructed in this study. The green, blue and orange boxes correspond to the stratigraphic intervals 
highlighted on the stratigraphic column of (B). 
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In proximal areas of the Baviaans syncline, Unit D, which is interpreted as a second 
lowstand sequence set (Flint et al., 2011), crops out as a 2 km apparent width, >100 
m thick, entrenched slope valley fill. The fill of the slope valley is bounded by a 
composite erosion surface and external levees; a 70 m (maximum) thick western 
levee and a 30 m (maximum) thick eastern levee (Hodgson et al., 2011). Down-dip, 
Unit D becomes less entrenched, and confined by external levees (Brunt et al., 
2013b) before transitioning to unconfined terminal lobe deposits over a distance of 
>80 km. 
Unit E and Unit F with their overlying regional mudstones (E-F mudstone and F-G 
mudstone) each comprise a lowstand sequence set of a composite sequence, with 
each lowstand sequence set comprising three sequences (Sub-units E1, E2 and E3, 
and Sub-units F1, F2, F3; Flint et al., 2011; Figueiredo et al., 2010). 
By area and volume, the thin-bedded sandstone- and siltstone-prone heterolithics 
interpreted as external levee deposits form the major constituent of 
lithostratigraphic units in the Fort Brown Fm. (Figueiredo et al. 2010). 
6.3 Methodology and Dataset 
Field-based sedimentological and stratigraphic observations include 37 measured 
sections (1.6 km cumulative thickness logged at 1:50), 23 sections on the southern 
limb of the Heuningberg anticline and 14 sections on the southern limb of the 
Baviaans syncline (Fig. 6.3). External levee deposits have been described and 
interpreted in detail (logged at 1:10) from three cored research boreholes (Bav 1A, 
Bav 2 and Bav 6), drilled behind outcrops of the informally named CD Ridge 
(Hodgson et al., 2011) allowing for subsurface correlation and calibration. The 
geometry of external levees has been constrained using the regionally mapped 
mudstones as datums (Figueiredo et al., 2010; Di Celma et al., 2011; Hodgson et 
al., 2011). 
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6.4 Sedimentary Facies Associations 
Sedimentary facies identified in the Fort Brown Fm. have been described in detail 
previously (Figueiredo et al. 2010; Di Celma et al. 2011; Hodgson et al. 2011; Morris 
et al. in press). Here, we focus on the external levee successions, where seven main 
sedimentary facies associations have been identified: Lf1 – Siltstone-prone thin-
bedded heterolithics; Lf2 – Sandstone-prone thin-bedded heterolithics; Lf3 – 
Sandstone-prone thick bedded heterolithics; Lf4 – Structured sandstone; Lf5 – Thick 
siltstone bedsets; Lf6 – Siltstone and mudstone couplets; and Lf7 – Deformed 
deposits. Description and interpretations of these facies associations are illustrated 
in Table 1. 
  
 165 
 
Table 6.1: Table showing the seven main sedimentary facies associations identified in the external levee successions of the Fort Brown Formation. 
Lithofacies 
code 
Lithology Sedimentary facies association Depositional process Representative photograph 
 
 
 
 
Lf1 
 
 
 
Silt-prone 
thin-bedded 
heterolithics 
 
 
Interbedded siltstone and very fine 
sandstone (> 60% siltstone), beds are <1-5 
cm thick. Sandstone beds contain current 
ripple laminae, planar lamination and 
sinusoidal bedforms (in the thicker beds). 
Siltstone beds are planar and sinusoidal 
laminated. Mudstone drapes associated with 
minor bioturbation (2/3*) are present. This 
lithofacies is deposited in packages 1 m to 
>70 m thick, that can be traced for up 10’s 
km, and individual beds can be traced for up 
to 100 m 
 
 
 
The bed thicknesses and the low sand 
proportion suggest that deposition was 
by dilute turbidity currents. The 
bioturbated drapes suggest either a 
longer time period between events or 
a change in oxygen and nutrient 
delivery. 
 
 
 
 
 
 
 
Lf2 
 
 
 
Sand-prone 
thin-bedded 
heterolithics 
 
Interbedded very fine sandstone and 
siltstone (>60% sandstone). Individual 
sandstone beds are <1-15 cm thick; locally 
containing wavy, aggradational laminae, 
current ripple laminae, planar laminae, 
climbing ripple cross-lamination and stoss-
side preserved climbing ripple laminae. 
Siltstone beds are <1-8 cm thick and 
generally planar laminated. Erosion surfaces 
and amalgamated contacts are observed. 
Packages of this facies association can be 
traced for up to 10’s km laterally, and 
individual 5 cm thick beds may be traceable 
for up to 250 m 
 
 
 
 
Deposition by low-to-medium density 
turbidity currents that deposited 
rapidly (climbing ripple cross-
lamination and sinusoidal lamination).  
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Lf3 
 
 
 
Sand-prone 
thick 
bedded 
heterolithics 
Interbedded very coarse siltstone and very 
fine sandstone, beds are 5-40 cm thick. The 
facies association is dominated by sinusoidal 
and climbing bedforms with thin long 
upstream limbs and thicker shorter 
downstream-facing limbs present in both 
sandstone and siltstone beds. Locally, 
sandstone beds contain current ripple cross-
lamination, low-angle (~10˚) climbing ripple 
cross-lamination and high-angle (20-40˚) 
stoss-side preserved climbing ripple cross-
lamination.  
 
 
Rapidly deposited by medium-to-high 
density turbidity currents Higher sand 
content closer to the parent channel 
system. Facies is likely to have been 
deposited beneath long-lived flows 
simultaneously with bedload traction. 
Silt deposition occurs in a few beds at 
the tail end of the unconfined flows 
 
 
 
 
 
 
Lf4 
 
 
 
 
Structured 
sandstone 
 
 
Very fine-grained sandstone beds 5-40 cm 
thick. Well-developed current ripple cross 
lamination, climbing ripple (10-15˚) cross-
lamination, stoss-side preserved ripple 
cross-lamination and sinusoidal laminae are 
common. Small (cm-dm) scale erosion 
surfaces, some soft-sedimentary 
deformation, but little bioturbation and few 
mudstone drapes. Overall, there is little silt 
or clay grade material present. Individual 
beds are continuous for >100 m. 
 
Rapidly deposited medium-to-high 
density turbidity currents. 
Aggradational facies, with some 
erosion surfaces. Erosional features 
develop under the early part of flows, 
followed by sustained bedload 
traction, particularly within or close to 
channels. When fine sand deposition 
occurs simultaneously with continued 
bedload traction climbing ripples and 
stoss-side preserved climbing ripples 
are formed (Sorby, 1859; 1908; Allen, 
1973). 
 
 
 
 
 
 
 
Lf5 
 
 
 
Thick- 
siltstone 
bedsets 
 
 
 
Siltstone beds 5-40 cm thick. This facies 
association is dominated by 10-40 cm thick 
bedsets that form sinusoidal and climbing 
bedforms. In core, the sinusoidal bedforms 
are captured as concave-up through sub-
parallel to convex-up laminae-sets.  
 
 
 
Predominantly a depositional facies, 
deposited by low-to-medium density 
turbidity currents with evidence of a 
high rate of deposition (due to the 
presence of the aggradational 
sinusoidal lamination).  
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Lf6 
 
Siltstone 
and 
mudstone 
couplets 
 
 
Rhythmically bedded couplets of medium-
fine siltstone with mudstone drapes on <1cm 
thick scale. Siltstone beds are <1-10 cm 
thick, typically beds become thinner and 
finer grained upwards. The siltstone beds 
are mostly structureless with occasional 
planar laminations. 
 
The thin-bedded and rhythmic nature 
of this facies suggests it was deposited 
by the fine-grained and low density 
tails of turbidity currents. The 
mudstone drapes could be the deposits 
from the dilute tail ends of turbidity 
current (Td, Te beds) or represent 
periods of localised and/or regional 
shutdowns allowing pelagic and 
hemipelagic sedimentation 
 
 
 
 
 
Lf7 
 
 
 
 
Deformed 
deposits 
 
 
 
Generally comprised of brittle deformed 
siltstone and mudstone couplets (Lf6), thick 
siltstone bedsets (Lf5) and sand-prone thick-
bedded heterolithics (Lf3). Small scale 
dislocations and fractures present at bed 
contacts and internal laminae. Best 
observed in core. 
 
 
 
 
 
Small-scale brittle fractures occurring 
when partially lithified sediment is 
remobilised. 
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6.5 CD Ridge –External levee architecture 
 
Figure 6.4: Inset map (top right) showing the location of the CD Ridge outcrop, south limb of the 
Baviaans syncline. Annotated aerial photograph (top left) that illustrates the location of the Unit D 
incision through Unit C stratigraphy. The CD Ridge correlation panel (bottom) of Hodgson et al. (2011) 
captures the Unit D entrenched slope valley. The locations of the cored research boreholes drilled as 
part of this study are shown on both the aerial photograph and the correlation panel. 
On the southern limb of the Baviaans syncline, Sub-unit C2 (Figs. 6.4 and 6.5) crops 
out at the CD Ridge, as a submarine channel system confined by external levees. 
The full lateral extent of the C2 channel complex set is not preserved as Unit D 
locally incises through the entire Unit C stratigraphy forming an entrenched slope 
valley, with an apparent width of ~2 km and >100 m deep. The architecture of the 
Sub-unit C2 channel complex set and Unit D entrenched slope valley fill was 
captured through field observations and mapping by Hodgson et al. (2011). Six fully 
cored research boreholes were later drilled on the CD Ridge. Bav 1A and Bav 2 
captured the proximal external levee of Unit D whereas Bav 6 captured C2-aged 
distal external levee deposits.  
6.5.1 Unit D external levee – CD Ridge 
The CD Ridge outcrop is a rare example where the conjugate external levees of a 
slope valley are preserved in cross-section (Fig. 6.4). The unique dataset of outcrop 
 169 
 
and behind outcrop research boreholes enables detailed characterisation of the 
sedimentary facies and grain-size distribution, stratal relationships and relation to 
the genetically related channel to be defined within a well constrained geometric 
framework. 
6.5.1.1 Geometry 
External levees are characterised by a wedge-shaped geometry, thinning and 
tapering away from their parent channel (Skene et al., 2002; Kane et al., 2007; 
2010; Birman et al., 2009; Nakajima and Kneller, 2013). The wedge-shaped 
geometry has been documented in outcrop (Kane and Hodgson, 2011) and reflection 
seismic studies (McHargue and Webb, 1986; Kolla and Coumes, 1987; Clemenceau 
et al., 2000; Babonneau et al. 2002; Posamentier, 2003; Posamentier and Kolla, 
2003). 
The correlation panels in Figures 6.4 and 6.5 show the cross-sectional geometry of 
the Unit C and D external levees. This geometry is constrained through regional 
mapping of underlying sand-prone datums (BC interfan for Unit C and Sub-unit C3 
for Unit D). There is no evidence of truncated beds or basal erosion at outcrop, so 
the wedge geometry is depositional in nature. It has not been possible to calculate 
accurately the mathematical description of the shapes of the wedge, following 
Nakijima and Kneller (2013) as the top of the Unit D external levee is poorly 
constrained. 
6.5.1.2 Palaeocurrents 
The palaeocurrent roses show the data collected from measurement of ripple 
lamination in the external levees of Unit D (Fig. 6.5). The proximal external levee 
shows a dispersive pattern (variation over 180°) with palaeocurrents trends towards 
the NW and the ENE are recorded in the lowermost 10 m of the lower proximal 
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external levee. The more distal levees of both D and C2 show a uniform, narrow 
distribution of palaeocurrents towards the E. 
The more dispersive distribution of palaeocurrents in the lower proximal external 
levee is likely to be a function of sampling and limitations of the outcrop, as there 
is a higher frequency occurrences of ripple and climbing ripple lamination in the 
lower proximal external levee compared to the more siltstone-rich upper proximal 
external levee. The decreasing sandstone content in the upper levee results in 
poorer quality outcrop from which to measure palaeoflow indicators. The narrow 
distribution of palaeocurrents in the distal external levee, which are at a slight 
angle to the general trend of the channels, is likely be a function of the dataset 
limitations, as measurements have been taken across one 2D (slightly oblique) 
cross-section through an individual levee from channel proximal to distal, and no 
other parts of the levee have been sampled for palaeocurrents. It is also possible 
that some topographical control at the time of deposition may have affected where 
and how the flows dispersed. 
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Figure 6.5: A) CD Ridge panel constructed using outcrop logs (this study), the box highlights the 
expanded panels of B. Rose diagrams showing palaeocurrent measurements collected from each of 
the panels; i) palaeocurrents from the Unit D western external levee, ii) palaeocurrents from the Unit 
D eastern external levee, and iii) palaeocurrents from the Sub-unit C2 eastern external levee. B) 
Expanded correlation panel showing the western Unit D external levee where several beds that have 
been walked out and downlap onto the underlying mudstone (See Enclosure 18 for enlarged version). 
6.5.2 External levee asymmetry 
The mechanisms that lead to external levee asymmetry are best understood using 
experimental techniques. There have been many studies that document flow 
behaviour and depositional characteristics within and outside channels (Peakall et 
 172 
 
al. 2007; Kane et al. 2008; 2009; 2010; Straub et al. 2008a; 2008b; Amos et al., 
2010). Experimental investigations using straight and sinuous channels have shown 
that straight channels produce axi-symmetrical levees whereas asymmetric levees 
are associated with sinuous channels with higher/thicker outer bend levees and 
smaller inner bend levees (Straub et al., 2008a; 2008b). Observations of modern 
day channel systems indicate that the Coriolis Effect will deflect flows, 
preferentially building higher external levees on the right-hand side in the northern 
hemisphere and left-hand side in the southern hemisphere (Komar, 1969; Bowen et 
al., 1984; Kolla and Coumes, 1987; Skene 1998; Posamentier and Kolla, 2003; Cossu 
et al., 2010; Peakall et al. 2012). The impact of the Coriolis Effect has been 
documented in flume tank experiments where the tanks are able to rotate in order 
to account for the Coriolis Effect (e.g. Cossu et al. 2010, Wells and Cossu 2013). 
Asymmetry in grain-size profiles is also recorded in external levees with the outer 
bend levee being coarser grained than the inner bend levee attributed to super-
elevation of overspilling flows as they navigate channel bends (Peakall et al., 2007; 
Straub et al., 2008b; Kane et al., 2010a; Amos et al., 2010). 
The correlation panel in Figure 6.5 shows that the Unit D external levees are 
asymmetric, with a maximum thickness of 70 m on the western side of the D slope 
valley and 30 m on the eastern side. Hodgson et al. (2011) reported that the Unit D 
slope valley also preserves an asymmetric fill with remnants of channel elements 
and channel complexes preserved within the slope valley recording an initial 
westward stacking, and a younger aggradational stacking pattern towards the 
western edge of the valley. This prolonged, westward stacking pattern is 
interpreted to have resulted in preferential overspill to the west and the 
construction of a higher western external levee. This effect may have been 
accentuated by a long lasting bend in the slope valley, and/or the influence of the 
Coriolis Effect that led to more overspill and flow stripping onto the western levee. 
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In the late Permian, the western levee would have been the palaeo-north levee in 
a mid-latitude (60° South) setting (e.g. Faure and Cole, 1999), which is an ideal 
situation for the influence of the Coriolis Effect and the construction of a larger 
levee. 
6.5.3 Depositional environments of external levees 
Using the distribution of sedimentary facies, bed thicknesses and downlap patterns, 
the external levee is subdivided into lower proximal external levee (Fig. 6.6), upper 
proximal external levee (Fig. 6.7) and distal external levee (Fig 6.8). Upper and 
lower proximal external levee in part incorporates inner external levee (Kane and 
Hodgson 2011) whereas distal external levee only relates to the outer external levee 
(Kane and Hodgson 2011). 
6.5.3.1 Proximal external levee 
Within the western proximal external levee of Unit D on the CD Ridge an abrupt 
facies change takes place across a thin fining- and thinning-upward unit to a 
siltstone-prone succession (Fig. 6.5 and 6.6) at 25 m above the base. This change 
allows division of the proximal external levee into two sections based on facies 
characteristics; lower proximal external levee and upper proximal external levee, 
although the change is likely to be time transgressive along the length of an external 
levee. 
6.5.3.2 Lower proximal external levee 
Description: In the lower proximal external levee succession in core from borehole 
Bav 1A, the lowermost 25 m of Unit D comprises thicker bedded (0.1-0.4 m) very 
fine sandstone and coarse siltstone beds dominated by Lf3 and Lf4 (Fig. 6.6C and 
6.6D). Decimetre-scale erosion surfaces are present and the dominant sedimentary 
features are aggradational sinusoidal bedforms and stoss-side preserved climbing 
 174 
 
ripple cross-lamination. Individual beds can be walked out for over 450 m laterally 
as they thin, fine (to Lf1) and downlap onto the underlying mudstone. 
Interpretation: The highly aggradational nature and unidirectional palaeocurrents 
towards the NW indicate rapid deposition from turbidity currents. This is 
interpreted as a response to rapid flow expansion downstream from channel mouths 
and/or from overspill adjacent to confinement. The presence of small scale erosion 
surfaces suggests that flows were occasionally of a high enough viscosity and 
velocity to rework the top of beds. 
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Figure 6.6: (A) Gamma ray 
log and (B) Sedimentary log of 
the Unit D proximal external 
levée from research borehole 
Bav 1a. (C) Representative 
outcrop facies photographs of 
the lowermost 25 m of the 
Unit D external levée, on the 
CD Ridge, part of the lower 
proximal external levée. (Di-
Diii) Core facies photographs 
from the lower proximal 
external levée of Unit D. (E) 
Annotated core photographs 
from the lower proximal 
external levée with 
sedimentary structures 
highlighted. (F) 
Representative outcrop facies 
photographs of the upper 
proximal external levée of 
Unit D on the CD Ridge (Gi-
Giii) Core facies photographs 
from the upper proximal 
external levée of Unit D. (H) 
Annotated core facies 
photographs from the upper 
proximal external levée with 
the sedimentary structures 
highlighted. (Rucksack, 
notebook, pencil and grain 
size card for scale) (See 
Enclosure 19 for enlarged 
version). 
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6.5.3.3 Upper proximal external levee 
Above the 20-25 m position in both core and at outcrop, the entire levee becomes 
finer grained (~5-10% very fine-grained sandstone) and thinner bedded, dominated 
by Lf5 (Fig. 6.6E and 6.6F). Sinusoidal and aggradational bedforms are observed, 
mud drapes and bioturbation are more abundant, and erosion is rare, as the beds 
thin and fine upwards through the upper proximal external levee. 
Interpretation: The fine grained and thin-bedded upper proximal levee succession 
indicates that only the upper dilute parts of flows could spill onto the levee as the 
height between the base of the flow and the levee crest increased through erosion 
and/or construction of the levee. The decreasing occurrence of erosion surfaces 
combined with the aggradational facies suggests that the turbidity currents were 
highly depositional and non-erosive as they escaped confinement and rapidly lost 
capacity. 
 
Figure 6.7: (A) Sedimentary log through the eastern Unit D distal external levee at the Paardekraal 
river section (UTM: 476839, 6323945). (B-L) Outcrop facies photos showing the thin bedded deposits, 
typical of Lf1 and Lf2, found within distal areas of the external levee deposit (notebook (20.5 cm), 
pencil (15 cm) and measuring tape (27 cm shown) for scale).  
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6.5.3.4 Distal external levee 
 
Figure 6.8: (A) Gamma ray log and B) Sedimentary log through Sub-unit C2 collected from the Bav 6 
core. (C-F) Core facies photographs, locations indicated by the boxes on the sedimentary log within 
the 22 m thick C2 external levee succession. (G and H) Outcrop facies photographs from the C2 
external levee at the Paardekraal river section (UTM: 476827, 6323820). 
Unit D distal external levee (captured through field observations) is dominated by 
Lf1 and Lf2 (Fig. 6.7), beds are thin (0.01-0.15 m), however stoss-side preserved 
ripple cross-lamination and sinusoidal lamination is still present. Beds are laterally 
continuous but outcrop quality makes it difficult to follow individual thin beds more 
than 50 m laterally. Within the distal external levee deposits of Unit D, there is 
gradual thinning and fining upward pattern at outcrop. 
The Sub-unit C2 distal external levee captured in Bav 6 (Fig. 6.8) is a thin-bedded 
(1-5 cm) succession dominated by current ripple laminae, mudstone drapes and 
associated low intensity bioturbation with 10-12% sandstone (Fig. 6.8). The 
lowermost metre of the levee (Fig 6.7A and 6.7C) is characterised by Lf1 before 
becoming Lf2 dominated. Overall, the 22 m thick unit fines and thins upward as 
shown by both the core and gamma ray logs in Figure 6.8. 
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Interpretation: The lateral facies change from the proximal to distal Unit D external 
levee succession is a consequence of flow expansion and loss of competence, 
resulting in deposition of the coarsest fraction of the flow in channel proximal 
locations.  
6.5.4 Sedimentary facies and grain-size distribution  
 
Figure 6.9: Cartoon through an external levee showing the distribution of the dominant facies 
associations observed within the Unit D external levee from channel proximal to channel distal 
locations. The gradational boundaries illustrate that boundaries between dominant facies are 
transitional. 
Detailed facies analysis of external levees has been carried out using both outcrop 
and core datasets to constrain the strike distribution of sedimentary facies. Figure 
6.9 shows a synthesis of the facies distribution through a cross-section of an 
idealised external levee that has been constructed using data and observations from 
several external levee successions in sub-units C2, F2 and Unit D (using the facies 
recorded in Table 6.1). The eastern external levee of Unit D can be traced for 8 km 
where it thins and fines from 22 m adjacent to the D-cut to <0.5 m. Over this strike 
distance the sandstone content decreases from 50% to 7% whereas beds thin from 
an average of ~15 cm to 5 cm (Fig. 6.10). A strikingly similar decay rate in sandstone 
content from the levee crest is recorded from the conjugate western Unit D external 
levee (Fig. 6.10). Sandstone content decrease from the levee crest follows an 
exponential decay rate. An exponential decrease in sandstone percentage has also 
been recorded in the external levees in the Cretaceous Rosario Fm. (Kane et al. 
2007). Although outcrop limitations preclude accurate analysis of bed thickness 
decay rates these are more gradual than the decrease in sandstone percentage 
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away from the levee crest. This indicates that sand is preferentially deposited close 
to the levee crest. 
 
Figure 6.10:1 Cartoon illustrating the distribution of sandstone within the Unit D external levee from 
channel proximal to channel distal locations. Inset graph showing the % sandstone for conjugate 
external levee against distance from the levee crest with an exponential best fit line. From this 
dataset, there is a non-linear relationship between distance from the channel and percentage 
sandstone content of the levee. Downlap arrows are inferred timelines. 
6.5.5 Stratal relationship to surrounding stratigraphy 
(downlap)  
In many 2D seismic cross sections through external levees, individual reflectors are 
observed to downlap onto underlying strata away from genetically related channels 
(e.g. Lopez, 2001). In external levees of the Fort Brown Formation, this downlap 
pattern is also observed as individual beds thin and fine laterally and downlap onto 
the underlying mudstones. This is documented in Unit D (Fig. 6.5) and Sub-unit F2 
(Fig. 6.11), where sandstone beds have been walked out and correlated for up to 
700 m obliquely across strike from their genetically related channel system. 
Individual beds show lateral facies changes where beds thin and fine away from the 
channel, with stoss-side preserved bedforms passing into low-angle (<10°) climbing 
ripple cross lamination and current ripple lamination. 
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Figure 6.11: Correlation panel through part of the Sub-unit F2 proximal external levee on the southern 
limb of the Heuningberg anticline (see Fig. 6.3). This panel shows individual beds that have been 
correlated and walked out, which downlap onto the underlying mudstone, away from the parent 
channel to the south. 
6.6 Bedforms and other architectural elements 
6.6.1 Sediment waves 
6.6.1.1 Distribution and significance 
Sediment waves are large-scale bedforms commonly found on the outer bend 
external levees where flow stripping processes are dominant, as well as areas of 
the continental rise and slope (Normark et al., 1980; Nakajima et al., 1998; Migeon 
et al., 2000; 2001; 2004; Lewis and Pantin, 2002; Wynn and Stow, 2002; Droz et al., 
2003; Posamentier and Kolla, 2003; Deptuck et al., 2007; Campion et al., 2011). 
Wave crests are generally oriented perpendicular to the down-levee slope flow 
direction, generally parallel to the channel and they nearly always migrate upslope, 
opposite to the flow direction of the turbidity currents that build them (Wynn et 
al., 2002; Posamentier and Kolla, 2003). Sediment waves are typically composed of 
turbidite silts with occasional mm to cm thick beds of sand (Normark et al., 2002; 
Wynn and Stow, 2002); wavelengths range between 0.2-7 km and heights between 
10-60 m but they can reach up to 100 m (Normark et al., 1980; Migeon et al., 2000; 
2001; 2004). Sediment waves associated with channel-levees are considered to be 
sand-rich relative to sediment waves occurring on abyssal plains, upper submarine 
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slopes and unchannelised slopes (Migeon et al., 2000), although few examples have 
been described from outcrop due to their scale and fine-grained nature (see 
Campion et al., 2011 for a notable exception). 
 
Figure 6.12: (A) Photo panel showing the shingled sandstone beds that form part of interpreted 
sediment waves on the proximal external levee of Sub-unit E2 cropping out on the south limb of the 
Heuningberg anticline (see Fig. 3). (B) Trace of the upstream accreting beds (to NW) shown on the 
photopanel of A). C) Correlation panel of correlated sedimentary logs (D) Palaeocurrent rose showing 
a dominant palaeocurrent direction towards the southeast. 
6.6.1.2 Sub-unit E2: sediment waves at outcrop? 
Sub-unit E2 comprises a series of very fine sandstone beds in a succession dominated 
by thin-bedded (1-5 cm) siltstones. The sandstone beds thicken and step towards 
the west to form a shingled stacking pattern (Fig. 6.12). Individual beds can be 
walked out for 100 m and become thicker (from 10-to-80 cm) and more 
amalgamated towards the west. The sandstone beds, where they are not 
amalgamated, are interbedded with coarse-to-very coarse grained siltstone. The 
sandstone beds contain climbing ripple cross-lamination, sinusoidal bedforms, 
stoss-side preserved climbing ripple cross-lamination and parallel lamination. The 
palaeocurrent distribution measured from ripples within the sandstone rich beds 
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indicates a dominant SE direction within a very narrow range (Fig. 6.12D). This is 
opposite to the shingle and thickening direction (towards the NW). 
6.6.1.3 Interpretation 
The thick-bedded heterolithics (Lf3) and structured sandstone facies (Lf4) are 
characterised by dm-scale sinusoidal stoss-side preserved bedforms and low-to-high 
angle (10-25°) climbing ripple lamination, locally with stoss-side preservation. 
These sedimentary structures are indicative of deposition by continued 
unidirectional, non-uniform flows (Allen 1973; Kneller 1995) with high rates of 
sediment fallout, attributed to rapid flow expansion and deposition from moderate-
to-low concentration turbidity currents as flows moved from confined to unconfined 
settings. The presence of the shingled and thickening bedsets at this locality (Fig. 
6.12), which are stacked in the opposite direction to the palaeocurrents (Fig. 
6.12D), suggest that this deposit is likely part of the upstream facing and migrating 
sand prone area of a sediment wave (Fig. 6.13). This interpretation is supported by 
an E2 channel to the southwest (Figueiredo et al., 2010), however, the silt-prone 
nature of the large bedform precludes confident interpretation. Posamentier and 
Kolla (2003) suggested that the presence of sediment wave fields on an external 
levee may result in an uneven sand distribution through thicker sand deposits 
becoming trapped on the steeper upstream facing sides of the wave (Fig. 6.13). 
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Figure 6.13: (A) Cartoon of sediment waves outboard of the levee crest, showing the broad scale 
geometries, aggrading upslope in the opposite direction to the flow direction (adapted from Migeon 
et al., 2000). (B) Inset schematic of sediment waves, showing where sand becomes trapped on the 
upstream facing limb of the wave, allowing for shingling and migration upslope, in the opposite 
direction to turbidity current flow. 
6.6.2 Crevasse lobes and channels 
Crevasse lobes are deposits that form where sand-prone turbidity currents breach 
an existing external levee, and are commonly found beyond the outer bend of a 
sinuous channel (Damuth et al., 1988; Posamentier and Kolla, 2003; Fildani and 
Normark, 2004; Armitage et al., 2012; Brunt et al., 2013b; Maier et al., 2013). As 
the flows escape from confinement they undergo expansion, reducing carrying 
capacity and resulting in rapid deposition. Commonly, the flows form sheets as they 
spread laterally over large areas. Posamentier and Kolla, (2003) documented an 
example from the Gulf of Mexico covering 50 km2. Continued breaching of the levee 
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may lead to avulsion (Damuth et al., 1988; Armitage et al., 2012) and development 
of a crevasse channel as documented in Unit D by Brunt et al. (2013b). 
6.6.2.1 Crevasse lobes Description:  
Anomalously thick (1-10 m) tabular packages of sandstone (outcrop width ranging 
from 100-2000 m) occur locally within an overall thinly bedded siltstone prone 
external levee successions. An example is presented within Unit D at Slagtersfontein 
(Fig. 6.2) where a 55 m-thick external levee succession overlies a 40 m-thick 
terminal lobe succession (Fig. 6.14). The external levee is punctuated by several 
sandstone packages (0.5 to 4 m in thickness), that comprise 30% of the succession 
(Fig. 6.14). The sandstone packages are up to one kilometre in width, but are mostly 
100 - 200 m wide.  
 
Figure 6.14: Correlation panel constructed from logged sections measured at the eastern margin of 
the Slagtersfontein channel complex. Terminal lobes at the base of Unit D are overlain by external 
levee deposits, which incorporate a number of crevasse lobes, which are variable in geometry and 
thickness. The succession is incised by a late-stage channel that cuts down from high within Unit D. 
A tripartite structure is identified in individual beds of sandstone packages (Fig. 
6.15): (1) The basal contact is sharp, with minor erosion, overlain by contorted or 
disaggregated thinly bedded sandstone / siltstone; (2) the middle section normally 
comprises structureless sandstone beds, although cross bedding and ripple cross 
lamination is also common, and (3) a sharp to gradational boundary separates the 
middle from upper section, which is typically finer grained and darker due to a more 
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argillaceous composition and the inclusion of mudstone clasts and/or organic 
fragments (Fig. 6.15). 
 
Figure 6.15: Photograph of a single crevasse lobe bed demonstrating the tripartite divisions. The 
lower part consists of a thin band of disorganised fragments of levee; the middle part is clean 
sandstone and ranges in character from structureless to well-developed tractional bedforms. The 
upper part is argillaceous and often contains mud clasts or dispersed organic matter such as plant 
fragments. 
6.6.2.2 Crevasse lobes Interpretation:  
The tabular sandstone packages found within thin-bedded external levee deposits 
are interpreted as crevasse lobes. When several packages are found together, such 
as at Slagtersfontein, they form a crevasse lobe complex, which suggests a long 
lived spill point (Fig. 6.14). Thin crevasse lobes or individual beds may represent a 
single levee breach event (Fig. 6.15). The basal surface and contorted bedding 
represent part of the external levee that becomes remobilised during failure. The 
overlying sand is deposited from the heads of within-channel turbulent currents 
that spill through the levee breach. Rapid flow expansion leads to a drop in the 
sediment carrying capacity and consequently rapid sedimentation (Hiscott, 1994; 
Kneller, 1995). Structureless sandstones are the likely result of this capacity driven 
sedimentation (Kneller, 1995); however the common occurrence of climbing ripples 
and cross bedding within crevasse lobes suggests maintenance of flow capacity, 
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perhaps through flow acceleration due to the gradient of the external levee. The 
upper division is interpreted to form through becoming charged with finer-grained 
sediment during the levee breach forming a cohesive tail to the flow, and a deposit 
that shares affinities with a linked debrite (Haughton et al. 2009). Terlaky and 
Arnott (Accepted Article) have described matrix-rich sandstone beds that they 
interpreted as deposits of upflow avulsion. Associate with interpreted avulsion 
splays, and erosion of levees. 
6.7 Discussion 
 
Figure 6.16: Block diagram showing the spatial relationship of the main features and nomenclature 
used to describe channel-levee systems (See Enclosure 20 for enlarged version). 
6.7.1 Stratigraphic evolution of an idealised external levee 
succession 
The synthesis of observations and interpretations from multiple external levee 
successions in the Fort Brown Fm. permits an idealised stratigraphic evolution to be 
developed. Figures 6.16 and 6.17 illustrate the main architectural elements and 
their common stratigraphic and geographic distribution in external levees. 
Commonly, levee initiation is marked by a basal sand-rich facies with sedimentary 
structures that indicate rapid deposition from unconfined sand-rich flows. These 
successions are interpreted to be partially preserved frontal lobes (or frontal splays) 
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and refers to deposits from unconfined flows that form sand-rich units with high 
amplitude continuous reflection seismic character basinward of leveed channels 
(Flood and Piper, 1997; Posamentier and Kolla, 2003). A frontal lobe may not be 
present due to a lack of accommodation, and they are more commonly identified 
farther down the slope. Commonly in the Fort Brown Fm., frontal lobes have been 
partly removed by basinward propagation of genetically-related channels systems, 
as interpreted in Unit B (Brunt et al. 2013b), Unit C (Kane and Hodgson 2011; 
Hodgson et al. 2011), Unit D (Brunt et al. 2013a) and Units E and F (Figueiredo et 
al. 2010; Brunt et al., 2013a, b). Similar evolutionary trends where basal frontal 
lobes are partially eroded by a genetically-related channel and overlain by external 
levees have been described in the subsurface (Flood and Piper, 1997; Lopez, 2001; 
Babonneau et al., 2002; Fonnesu, 2003; Ferry et al., 2005; Bastia and Radhakrishna, 
2010; and Maier et al., 2013) and outcrop (Gardner et al., 2003; Beaubouef, 2004). 
The feeder channel can cut through the frontal lobe anywhere from the axis, 
resulting in a forward stepping frontal lobe stacking pattern, to the fringe, 
producing a laterally offset stacking pattern (see Morris et al. in press).  
Flow stripping and overspill processes build levees that increase flow confinement 
resulting in channel propagation. The consequence is preferential filtering of the 
finer and more dilute parts of stratified flows and the initiation of external levees. 
Further progradation of the channel will increase flow confinement through a 
combination of both levee construction and erosion, and therefore, increasingly 
dilute parts of stratified flows overspill, and individual beds recorded in the levee 
become thinner and finer grained. This study of exhumed external levees supports 
lower resolution observations on their depositional architecture from seismic 
datasets and confirms that the wedge shaped geometry is controlled by downlap of 
beds that fine and thin away from the channel (Fig. 6.5, 6.11, 6.16). Asymmetry of 
levee geometry and architecture is controlled by in-channel processes such as 
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channel sinuosity and stacking patterns, which also influences the distribution of 
sediment waves and crevasse lobes (Figs. 6.16 and 6.17). 
Average sedimentation rate on the external levee will decrease as confinement 
increases; it will be lowest around the time of highest confinement, and will 
increase again during aggradation of the channel system as confinement decreases. 
During the abandonment of the channel-levee system, either through aggradation 
of the entire system or up-dip avulsion, there is a reduction in the rate of sediment 
supplied to the external levee. Unit D at the CD Ridge is an example of an 
underfilled slope valley, recorded as a 25 m thick mudstone directly overlying the 
preserved remnants of the active fill, interpreted to have been deposited during 
the abandonment of the whole system. 
6.7.2 External levees as a record of channel migration 
External levee successions typically thin and fine upward due to increased flow 
confinement through time as the height between levee crest and channel base 
increases (Hiscott et al., 1997a; 1997b; Lopez, 2001; see D in Fig. 6.6 and C2 in Fig. 
6.8). However the amount of overspill from a flow is influenced by many parameters 
such as flow magnitude, channel curvature and the straight-line distance between 
the parent channel and the levee crest. Nonetheless, as external levees record 
sedimentation from multiple channel elements and channel complexes they could 
provide a more complete record of the evolution of the system, such as channel 
migration patterns, and number of channel complexes than the complicated 
stratigraphy preserved within the channel systems. For example, during a period of 
lateral stepping one external levee will become increasingly proximal to the active 
channel as the other external levee becomes more distal. Thicker and coarser beds 
will be deposited on the levee that the active channel is stepping toward, and a 
coarsening and thickening upward package may be recorded. In the case of the Unit 
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D slope valley on the CD Ridge, the prolonged westward migration of individual 
channel elements and channel complexes resulted in asymmetric levee heights, 
with the larger, more sand rich external levee constructed on the western edge of 
the valley (Fig. 6.4, 6.5). This may have been accentuated by the influence of the 
Coriolis Effect. Coarsening and thickening upward packages are not identified, 
although preservation potential would be low as westward migration of the channels 
led to erosion of the proximal external levee. Even if a coarsening-and-thickening 
upward pattern was identified this could be interpreted as the result of waxing 
sediment supply through time rather than a record of channel migration in the main 
conduit.  
The stratal relationship of the external levees to the adjacent channelized fill is 
also important to consider if external levee successions are be used as records of 
channel evolution. This approach has more potential where (part of) the external 
levee succession can be demonstrated to aggrade at a similar rate to the channel 
building a constructional crest and, therefore, making the channel-fill and the levee 
time-equivalent. Clearly, the approach will not work where external levees that 
have been cut by a younger channel system meaning that the bulk of the levee is 
not genetically related to the adjacent channel-fill.  
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Figure 6.17: (Overleaf) Cartoon section parallel to a levee crest that shows the down-dip of evolution 
of levees and their stratal relationships to lobes; from small levees associated with entrenched 
channels, to levee-confined channels, to the down-dip association of decreasing levee height and 
increasing occurrences of crevasse lobes and channels, to the levee-lobe transition zone where lobe 
deposition dominates. 
6.7.3 External levee hierarchy 
Hierarchies of component architectural elements in a range of siliciclastic settings 
have been developed that use bounding surfaces, stacking patterns and depositional 
geometries to aid comparison of scales and processes across different systems (e.g. 
Mutti and Normark, 1987; Miall, 1988; Clark and Pickering, 1996; Sprague et al., 
2002; Prélat et al. 2009). External levees are constructed by numerous flows that 
partially escape from slope channel systems, which comprise channel elements, 
channel complexes and channel complex sets (e.g. Sprague et al., 2002; Di Celma 
et al., 2011). At the CD Ridge, both Unit C2 and Unit D have composite basal erosion 
surfaces with multiple remnant channel complexes preserved within a composite 
erosion surface (Hodgson et al., 2011); as a result the external levee successions of 
Unit C and D preserve a cryptic depositional record of the evolution of component 
channel elements, channel complexes, and channel complex sets. Logically, 
therefore, a hierarchy of architectural elements in external levees that include 
levee elements, levee complexes and levee complex sets should be present. 
However, there are several factors that make the identification of a hierarchy in 
external levee successions challenging compared to other systems. For example, 
there are a lack of abrupt stratigraphic facies changes and mappable bounding 
surfaces that are used in channel hierarchy schemes, and the aggradational stacking 
of elements with similar geometries in contrast to compensational stacking and 
avulsion surfaces used in lobe hierarchy schemes. In addition, the thickness and 
geometry of a single deposit on an external levee is dependent on the distance from 
the parent channel, the slope of the levee, the curvature of a channel bend, the 
height of levee crest to channel base, and the flow magnitude (thickness and grain-
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size range). These parameters will be slightly different after every flow event 
meaning that discrete package of similar sedimentary facies, or clear bed thickness 
trends at different scales, are unlikely to develop unless the system is close to an 
equilibrium state. 
Despite these difficulties, identification of a hierarchy in external levees would 
provide a direct correlation between levees and their associated channel elements, 
channel complexes and channel complex sets. As there is a more complete 
depositional record of channel-levee system evolution, this would permit an 
assessment of the degree of sediment bypass into the deeper basin during different 
stratigraphic intervals. Given the number of beds in an external levee succession, 
a statistical approach to bed thickness patterns in channel-levee systems where the 
number of channel complexes is known may help to identify a hierarchy of levee 
elements. 
6.7.4 Crevasse lobes – where and when? 
The geographical distribution of crevasse lobes in Unit D of the Fort Brown Fm. 
indicates that breaches in an external levee are more commonly recorded in 
basinward localities. In Unit D, crevasse lobes have not been observed in up-dip 
areas such as the CD Ridge. This is interpreted to be because a deep confining 
surface of the D slope valley coupled with the high external levees limited the 
potential for sand-prone flows to breaches in the external levee. The crevasse lobe 
complex described in Unit D at Slagtersfontein occurs 50 km down dip of the CD 
Ridge (Figs. 6.2 and 6.14). Therefore, the longitudinal increase in crevasse lobes 
and channels is likely related to the basinward reduction in relief between the 
external levee crest and channel base (Fig. 6.17). Decreasing downdip confinement 
may not be wholly responsible for the presence of crevasse deposits. The combined 
effects of increased channel sinuosity and channel aggradation increase the 
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likelihood for breaches in an external levee and the deposition of crevasse lobes. 
Peakall et al. (2000) stated that bends in submarine channels develop at slower 
rates compared to their fluvial counterparts, suggesting that sinuosity increases 
with time and maturity (e.g. Maier et al., 2013). Therefore crevasse lobes are more 
likely to occur and be preserved when a mature and sinuous channel-levee system 
has been established.  
A breach in the external levee and formation of a crevasse lobe may lead to the 
development of a crevasse channel, such as documented within Unit D at Geelbek 
by Brunt et al. (2013a), and be the precursor to a channel avulsion events (e.g. 
Fildani and Normark, 2004; Armitage et al., 2012). If crevasse processes precede 
avulsion events they are more likely to occur in basinward areas, and in the upper 
stratigraphy of an external levee succession, when levee crest to channel depth 
height is low and when a degree of stable sinuosity has been established.  
6.7.5 Comparison to other systems 
A spectrum of external levee dimensions and geometries have been described in 
the literature (e.g. Skene et al.2002; Nakajima and Kneller, 2013), and range from 
mud-rich (e.g. Flood and Piper, 1997) to sand-rich (e.g. Mayall and O’Byrne, 2002). 
The external levees from the Fort Brown Fm. described herein are silt-rich and 
contain only minor amounts of clay in the form of drapes in distal external levee 
successions. This is likely to result in significant differences in the architecture and 
stratigraphic relationship to the genetically-related channel systems, compared to 
mud-rich systems. A critical difference is that mud-rich external levees are likely 
to have more cohesive strength and are therefore more difficult for flows to erode. 
Characteristically, mud-rich external levees, such as in the Amazon and Indus 
systems, can construct significant morphological features that reach >100 m in 
height (Kolla and Coumes, 1983; 1987; McHargue and Webb, 1986; Carmichael et 
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al., 2009), and commonly confine highly aggradation channel systems that can be 
active 10s of metres above the regional slope (Normark et al., 1997; Lopez, 2001). 
Silt-rich levees are more easily eroded meaning that wider channel belts can form 
by lateral stepping of component channels. Also, silt-rich levees are unlikely to 
build such significant relief above the regional slope meaning that their bathymetric 
influence on younger systems is less pronounced. Nonetheless, many of the key 
component features and the origin and evolution are common to both mud-rich and 
silt-rich external levees. 
6.8 Conclusions 
This study utilises a unique dataset that integrates research boreholes with 
extensive outcrops where sustained field mapping allows the palaeogeographic 
context of different stratigraphic units to be well constrained. This has permitted 
a comprehensive description of multiple exhumed silt-rich submarine external 
levees in which the internal facies relationships have been constrained and all the 
major components have been identified, including sediment waves and crevasse 
lobes. As the palaeogeographic position and the orientation of the external levee 
to the parent channel systems are well constrained the distribution of sand, 
sedimentary facies and sand distributions are related to position on the 
palaeoslope, the distance from the parent channel system, confinement of the 
channel and the magnitude of turbidity currents. Sedimentary facies of the external 
levees are dominated by tractional structures including aggradational dm-scale 
sinusoidal stoss-side preserved bedforms, low-to-high angle climbing ripple 
lamination and stoss-side preserved current ripple laminae. These facies indicate 
high rates of sediment fallout, attributed to rapid flow expansion and deposition 
from turbidity currents escaping from confinement, where the highest volumes of 
sand are deposited closer to the confinement with an exponential decrease in sand 
 194 
 
percentage recorded perpendicular from the levees crest. The documented 
downlap of beds that fine and thin away from the channels onto underlying muds 
reflects commonly identified seismic architecture observed in the subsurface. This 
geometry suggests progradation, which typically results in coarsening- and 
thickening upwards. However, in the construction of an external levee there is a 
key morphometric feedback where the widely documented fining and thinning 
upwards trend is attributed to increasing confinement of individual flows and/or 
the waning of the system as it begins to backstep. Perturbations to this trend can 
develop depending on the evolution of the parent channel system (e.g. Kane et al. 
2007).  
Locally preserved basal sand-rich deposits are interpreted to record the 
preservation of a frontal lobe deposited prior to the lengthening of the channel. 
This suggests that where there is useable accommodation external levees initiate 
through formation of a frontal lobe, followed by propagation of the channel and 
increased flow confinement and the development of an external levee by flow 
overspill. A down-slope increase in the number of crevasse lobe deposits is related 
to the lower relief between channel base and levee crest, and increased sinuosity. 
This distribution reflects the propensity of channel avulsion in downdip areas. 
The distinctive aggradational sedimentary facies of the external levees, dominated 
by climbing ripple laminae and sinusoidal bedforms identified at outcrop could aid 
the identification of external levee successions in less well constrained outcrop, 
and in core and seismic datasets. This is significant as external levee deposits, 
although perceived to be composed of mud and silts can preserve sandstone-prone 
units with good laterally connectivity, and therefore have the potential to form, or 
contribute to, hydrocarbon reservoirs. 
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Chapter 7: Spilling into confinement: 
facies and architecture of 
internal levees in deepwater 
channel-levee systems 
ABSTRACT: Commonly, submarine channel-levee systems in subsurface datasets are 
classified as either high amplitude and axial (channelised) or low amplitude and 
marginal (external levees and overbank) seismic facies. However, reflection seismic 
datasets indicate that a significant component of the fill of large confinement 
surfaces is an opaque seismic facies, which could be interpreted as terrace deposits, 
mass transport deposits, abandonment drapes, and internal levee deposits. The 
sedimentary process record has been assessed from an integrated outcrop and core 
analogue for this confined opaque seismic facies from a deeply entrenched slope 
valley in the Unit D, of the Fort Brown Fm., Karoo Basin, South Africa. This unique 
high-resolution dataset allows detailed analysis of the heterolithic component that 
makes up >70% of the slope valley-fill. In locations proximal to the channels, 
sandstone content is up to 50%, beds are 0.05-0.2 m-thick and exhibit normal 
grading from very fine-grained sandstone to siltstone. Climbing ripple cross-
lamination is common with multidirectional ripple lamination and is interpreted as 
the deposits of flows that spilt out from coeval channels but interacted with the 
margins of the larger valley confinement. In locations distal to the channels, 
sandstone content is <5%, siltstone bed thicknesses are 0.02-0.2 m, very fine-
grained sandstone beds are less than 1 cm thick and ripple lamination is rare. 
Stratigraphically, individual bed thickness and grain-size decreases upwards 
suggesting increasing confinement, bypass and/or waning flows. Interpretation of 
sedimentary processes, sedimentary facies distributions, and unit thickness 
supports an internal levee interpretation. This study indicates that internal levees 
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can be a significant component of slope valley fills, and form an important record 
of the stratigraphic evolution of submarine slope systems. 
7.1 Introduction 
Subsurface studies of ancient submarine channel-levee systems generally segregate 
seismic facies into high amplitude reflector packages that show evidence for 
erosional truncation associated with axial channel settings and low-amplitude 
reflectors that form a depositional wedge into marginal settings. Thin-bedded and 
heterolithic deposits are commonly identified in external levee settings (sensu Kane 
and Hodgson, 2011) and channel margin settings (e.g. Mutti 1977; Hodgson et al. 
2011; McHargue et al. 2011; MacCauley and Hubbard 2013). However, 
volumetrically significant opaque seismic facies are commonly identified within the 
major confining surface of channel-levee systems. These have been interpreted to 
be fine-grained deposits (Hübscher et al., 1997; Babonneau et al., 2002; 2004; 2010; 
Deptuck et al, 2003; 2007; Posamentier, 2003; Posamentier and Kolla, 2003), and 
have been referred to as terrace deposits, mass transport deposits, abandonment 
drapes, and internal levee deposits (e.g. Babonneau et al., 2002; Kane and Hodgson, 
2011). 
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Figure 7.1: A) Block diagram showing the main features and nomenclature used to describe channel-
levee systems in modern and ancient studies B) Close-up crop highlighting the position of internal 
levees within a channel-levee system and their relationship to surrounding sub-environments of 
deposition. Adapted from Morris et al. (2014). 
These interpreted heterolithic successions are rarely intersected in core, although 
see Babonneau et al. (2010) for a rare example, or interpreted at outcrop due to 
their heterolithic character (see Kane and Hodgson, 2011), although they have been 
inferred based on stacking patterns of channel complexes (MacCauley and Hubbard, 
2013). Therefore, there is an absence of process-based recognition criteria for a 
heterolithic facies that could form volumetrically significant part of the 
stratigraphic record of ancient submarine slope systems.  
Here, the process sedimentology and stratigraphy of a ~55 m-thick thin-bedded 
succession that accumulated within an entrenched composite erosion surface 
permits a suite of criteria to differentiate between these thin-beds and to develop 
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an understanding of how, when and where these deposits were developed. Unit D 
at the CD Ridge is a well constrained outcrop example of a slope channel-levee 
system dominated by heterolithic thin-bedded fill (70%) that has been interpreted 
from outcrop observations alone as an internal levee setting (Kane and Hodgson, 
2011; Hodgson et al., 2011). Six fully cored research boreholes, drilled behind the 
CD Ridge outcrop and correlated to it, has enabled the following questions to be 
addressed in order to test and refine the interpretation of the depositional 
environment: i) what is the detailed process sedimentology of the thin-beds 
deposited outside of channel- and channel-complex scale confinement but within 
the larger confinement surface?; ii) what are the lateral and stratigraphic changes 
in sedimentary environment?, iii) what is the stratigraphic relationship between the 
evolution of the channels, the growth of the external levees, and the intra-channel 
thin-bedded succession?, and iv) how analogous is this succession to opaque seismic 
facies identified in subsurface datasets? Examining these confined heterolithic 
deposits may provide insight into the long term evolution of conduits on the slope 
for periods when only the largest magnitude flows can leave a depositional record 
on the external levee. 
7.2 Geological setting and stratigraphy 
The study area forms part of the Permian-aged Laingsburg depocentre of the south-
western Karoo basin, South Africa (Fig. 7.2). It is interpreted as part of the fill of a 
retroarc basin (e.g. Cole, 1992; Visser, 1993; Veevers et al., 1994) where initial 
dynamic subduction load-driven subsidence gave way to flexural loading by a retro-
arc thrust belt during the Triassic (Tankard et al., 2009). 
The 1.4 km thick, exhumed, shallowing-upward basin-floor to upper-slope 
succession (Flint et al., 2011) shown in Figures 7.3A and 7.3B, crops out along a 
series of east-west trending, eastward plunging, post depositional anticlines and 
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synclines, near the town of Laingsburg, Western Cape, South Africa (Baviaans 
syncline, Central anticline, Zoutkloof syncline and Heuningberg anticline, Fig. 
7.2C). The initiation of deep-water deposition is recorded in the distal basin-floor 
Collingham and Vischkuil Formations (Van der Merwe et al., 2009; 2010). These 
deposits are overlain by the basin-floor and base-of-slope fan systems of the 
Laingsburg Formation (Units A and B of Fig. 7.3A; e.g., Sixsmith et al., 2004 ; Brunt 
et al., 2013a). Overlying the Laingsburg Formation is the muddy slope succession of 
the Fort Brown Formation, which is punctuated by five sandstone rich Units C-G 
(Fig. 7.3A; Grecula et al., 2003a; Figueiredo et al., 2010, 2012; Hodgson et al., 
2011; Di Celma et al., 2011; Flint et al., 2011), comprising slope channel-levee 
systems (Grecula et al. 2003b; Figueiredo et al. 2010; Hodgson et al. 2011; Di Celma 
et al. 2011). These form prominent ridges separated by recessive mudstone 
intervals that subdivide the stratigraphy enabling mapping of the units for up to 90 
km down-dip. In this study, the focus is on Units C and D, primarily in the Baviaans 
syncline (highlighted in the map of Fig. 7.2C). The Baviaans syncline area is more 
proximal than down-dip areas towards the east and northeast (regional palaeoflow 
is towards the NE). Figure 7.2D shows the full stratigraphy of the lower Ecca Group 
and the expanded stratigraphic column of Figure 7.2E highlights the stratigraphy of 
the study interval. The sequence stratigraphy and depositional environments of 
Units C and D are described in detail by Flint et al. (2011) and Di Celma et al. 
(2011), although see Chapter 4 for a summary.
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Figure 7.2: Location map highlighting the field areas near the town of Laingsburg, Western Cape, South Africa (Inset maps A and B). C) The pale grey area marks the outcrops 
of the Laingsburg Formation and the darker grey shows the outcrop pattern of the Fort Brown Formation. The yellow boxes show the geographic position of figures referenced 
throughout the chapter. D) Stratigraphic column showing the generalised stratigraphy of the Lower Ecca Group. E) Expanded stratigraphic column showing the units described 
in this study (Units C and D of the Fort Brown Formation) are highlighted. 
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Figure 7.3: Aerial photograph and inset maps (top) showing the location of the CD Ridge outcrop, south limb of the Baviaans syncline. The aerial photograph (top) and 
correlation panels (middle and bottom) capture where Unit D incises (120 m) through the entire Unit C stratigraphy for 2 km lateral distance to form an entrenched slope 
valley. The lowermost panel shows the correlations and measured sections through the Sub-unit C2 and Unit D external levees. 
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A detailed correlation panel constructed by Hodgson et al., (2011) on the south limb 
of the Baviaans syncline (Fig. 7.3C) captures the stratigraphic evolution of Units C 
and D.  
External levees are geometrically and sedimentologically well defined at the 
informally named CD ridge in Units C and D (Kane and Hodgson 2011; Morris et al. 
2014), which largely comprise thin-bedded sandstones and siltstones. These 
constructional wedges confine a succession of complicated stratigraphy, with 
multiple, erosion surfaces and abrupt sedimentary facies changes, interpreted as 
submarine channels that stack into channel complexes (Hodgson et al 2011; Di 
Celma et al. 2011). However, there are thick and extensive, but poorly exposed, 
thin-bedded successions that have been interpreted as internal levees (Kane and 
Hodgson, 2011). Four out of six fully cored research boreholes drilled behind the 
CD ridge outcrop have intersected these thin-bedded successions, in C2 (Bav 2) and 
Unit D (Bav 3, 4, and 5), allowing subsurface correlation and calibration (Figs. 7.3, 
7.4a and 7.4b). This unique dataset allows the detailed characterisation of 
sedimentary facies and depositional architecture to enable robust diagnostic 
criteria to be developed for the recognition of internal levee material (Figs. 7.4a, 
7.4b and 7.5). 
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Figure 7.4A: CD Ridge correlation panel constructed using outcrop data. This panel shows the relative locations of the six research boreholes. Bav 2, Bav 4, Bav 5 and Bav 6 
are used in this study and they are highlighted in red boxes (See Enclosure 21a for enlarged version). 
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Figure 7.4B: CD Ridge correlation panel constructed using data collected from the cores integrated with the outcrop data. The orange boxes highlight the location of proximal 
internal levee locations and figures associated with them in this paper. The pink boxes highlight the distal internal levee localities (See Enclosure 21b for enlarged version). 
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7.3 Facies Associations 
In the channel complex set successions of Sub-units C2 and Unit D of the Fort Brown 
Formation eleven sedimentary facies associations have been identified: Lf1 – 
Siltstone-prone thin-bedded heterolithics; Lf2 – Sandstone-prone thin-bedded 
heterolithics; Lf3 – Sandstone-prone thick bedded heterolithics; Lf4 – Structured 
sandstone; Lf5 – Thick siltstone bedsets; Lf6 – Siltstone and mudstone couplets; Lf7 
– Deformed heterolithics; Lf8 – Thick siltstone bedsets; Lf9 – Thick-bedded, 
structureless fine-grained sandstone; Lf10 – Structureless fine sands with mud and 
silt clasts; and Lf11 – Interbedded mudstone and siltstone. Detailed descriptions, 
depositional process information and typical environments of deposition are 
recorded in Table 7.1 and their distribution is shown in Figure 7.5.
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Table 7.1: Showing the 12 facies observed in Sub-unit C2 and Unit D on the CD Ridge 
Lithofacies 
code 
Sedimentary 
facies 
Sedimentary facies description Photograph 
 
 
 
Lf1 
 
Silt-prone 
thin-bedded 
heterolithics 
 
Interbedded siltstone and very fine sandstone (> 60% siltstone), beds are <1-5 cm thick. Sandstone beds 
contain current ripple laminae, planar lamination and sinusoidal bedforms (in the thicker beds). 
Siltstone beds are planar and sinusoidal laminated. Mudstone drapes associated with minor bioturbation 
(2/3*) are present. This sedimentary facies is deposited in packages 1 m to >70 m thick, that can be 
traced for up 10’s km, and individual beds can be traced for up to 100 m 
Depositional process: The bed thicknesses and the low sand volume suggest that deposition was by 
dilute turbidity currents. The bioturbated interval suggests either there was a longer time period 
between events or a change in oxygen and nutrient delivery. 
Environment of deposition (EoD): Regions distal to sediment feeder system; such as distal overbank, 
distal levee (internal and external examples), channel margin, distal lobe or abandonment 
 
 
 
 
 
Lf2 
 
Sand-prone 
thin-bedded 
heterolithics 
 
Interbedded very fine sandstone and siltstone (>60% sandstone). Individual sandstone beds are <1-15 
cm thick; locally containing wavy, aggradational laminae, current ripple laminae, planar laminae, 
climbing ripple cross-lamination and stoss-side preserved climbing ripple laminae. Siltstone beds are 
<1-8 cm thick and generally planar laminated. Erosion surfaces and amalgamated contacts are observed. 
Packages of this facies association can be traced for up to 10’s km laterally, and individual 5 cm thick 
beds may be traceable for up to 250 m 
Depositional process: Deposition by low-to-medium density turbidity currents that deposited rapidly 
under continuing tractional conditions to allow sedimentary structures to climb (climbing ripple cross-
lamination and sinusoidal lamination). 
EoD: This facies is present in channel margin, proximal internal levee and proximal external levee sub-
environments. 
 
 
 
 
 
Lf3 
 
Sand-prone 
thick-bedded 
heterolithics 
 
Interbedded very coarse siltstone and very fine sandstone, beds are 5-40 cm thick. The facies association 
is dominated by sinusoidal and climbing bedforms with thin long upstream limbs and thicker shorter 
downstream-facing limbs present in both sandstone and siltstone beds. Locally, sandstone beds contain 
current ripple cross-lamination, low-angle (~10˚) climbing ripple cross-lamination and high-angle (20-
40˚) stoss-side preserved climbing ripple cross-lamination. 
Depositional process: Rapidly deposited by medium-to-high density turbidity currents. A higher sand 
content suggests proximity to the parent channel system. Facies is likely to have been deposited 
beneath long-lived flows simultaneously with bedload traction. Silt deposition occurs in a few beds at 
the tail end of the unconfined flows 
EoD: This facies is present in proximal internal levee and proximal external levee sub-environments.  
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Lf4 
 
Structured 
sandstone 
Very fine-grained sandstone beds 5-40 cm thick. Current ripple cross lamination, climbing ripple (10-
15˚) cross-lamination with stoss-side preservation and sinusoidal laminae are common. Small (cm-dm) 
scale erosion surfaces, some soft-sedimentary deformation, little bioturbation and few mudstone 
drapes. There is little silt or clay grade material present. Individual beds are continuous for >100 m. 
Depositional process: Rapidly deposited medium-to-high density turbidity currents. Aggradational 
facies, with some erosion surfaces. Erosional features develop under the early part of flows, followed 
by sustained bedload traction, particularly within or close to channels. When fine sand deposition occurs 
simultaneously with continued bedload traction climbing ripples and stoss-side preserved climbing 
ripples are formed (Sorby, 1859; 1908; Allen, 1973). 
EoD: Rapid deposition from expanding flows with sustained bedload traction: Frontal lobe, crevasse 
lobe, proximal internal levee and/or proximal external levee.  
 
 
 
 
Lf5 
 
 
Thick 
siltstone 
bedsets 
 
 
 
Siltstone beds 5-40 cm thick. This facies association is dominated by 10-40 cm thick bedsets that form 
sinusoidal and climbing bedforms. In core, the sinusoidal bedforms are captured as concave-up through 
sub-parallel to convex-up laminae-sets.  
Depositional process: Predominantly an aggradational facies, deposited by low-to-medium density 
turbidity currents with evidence of a high rate of deposition (due to the presence of the aggradational 
sinusoidal lamination). 
EoD: This facies is present in upper proximal external levee and distal external levee sub-environments. 
 
 
 
 
 
Lf6 
 
Siltstone and 
mudstone 
couplets 
Rhythmically bedded couplets of medium-fine siltstone with mudstone drapes on <1cm thick scale. 
Siltstone beds are <1-10 cm thick, typically beds become thinner and finer grained upwards. The 
siltstone beds are mostly structureless with occasional planar laminations. The mudstone drapes are 
associated with minor bioturbation (1/2*). 
Depositional process: The thin-bedded and rhythmic nature of this facies suggests it was deposited by 
the fine-grained and low density tails of turbidity currents. The mudstone drapes could be the deposits 
from the dilute tail ends of turbidity current (Td, Te beds) or represent periods of localised and/or 
regional shutdowns allowing pelagic and hemipelagic sedimentation 
EoD: This deposit forms a drape over the external levees of the underfilled Unit D slope valley in the 
Baviaans syncline area. 
(*Taylor and Goldring, 1993) 
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Lf7 
 
 
 
Deformed 
heterolithics 
Highly deformed deposits. All pre-deformed textures and structures are still recognised and deformed 
material can be traced back into pre-deformed deposits. Where present gentle folding of grain 
laminations or bed surfaces suggest small transport distances. Internal characteristics not easily 
identified in structureless sandstones. Packages are generally less than 2 m thick however the deposit 
may extend for up to 100 m across outcrop. 
Depositional process: Most deformation results from a loss of internal shear strength in all (or part) of 
a sediment mass so that it is no longer able to resist downslope gravitational shear. On a small scale, 
steepening of the channel margins causes the detachment of pre-deformed deposits of sand/silt in 
internal/external levees or sand-rich channel fills to slump or slides into the channel conduits. 
EoD: First fill within erosional channels. Normally associated with the collapse of deeply erosional and 
over-steepened incisional margins. 
 
 
 
 
 
 
Lf8 
 
Normally 
graded very 
fine-grained 
sandstone 
Bedded very fine sandstone grading to coarse siltstone/medium siltstone. Beds are 3-80cm thick with a 
variable sand content (20-70%). Beds contain abundant current and climbing ripple laminae, often with 
stoss-side preservation. Some minor deformation due to water escape. The sandstone beds generally 
have loaded bases and erosion surfaces are common. Silt-rich intervals contain an abundance of planar 
lamination. Facies unit can be traced for up 10’s-100’s m, usually with individual beds that are traceable 
for the same later distances 
Depositional process: Deposition from medium-to-low density turbidity currents locally display Bouma 
turbidite divisions Ta-Td. When fine sand deposition occurs simultaneously with continued bedload 
traction climbing ripples and stoss-side preserved climbing ripples are formed (Sorby, 1859; 1908; Allen, 
1973), reflection of flows from confining surfaces results in multi-directional palaeocurrents. Likely to 
be part of an internal levee where the silt-rich component of the flow can be confined to settle out, 
forming a normally graded deposit. 
EoD: This facies is deposited within internal levee and ‘confined-lobe’ environments. 
 
 
 
 
 
Lf9 
Thick-
bedded, 
structureless 
fine-grained 
sandstone 
Thick-bedded fine sandstone bedsets 0.1-2 m, commonly thicker than 0.3 m. Amalgamated bed contacts 
are most prevalent, however, erosive and loaded bed bases are common. Sandstone beds are generally 
structureless, however, rare occurrences of planar and current ripple lamination is observed and thicker 
beds frequently contain abundant water escape structures; commonly flame and dish structures. There 
is a general trend of individual beds grading normally upwards. 
Depositional process: Medium-to-high density flows escaping confinement and deposited rapidly. 
Evidence of a high rate of deposition. Aggradational facies, with some erosion surfaces. The higher the 
sand content, the closer to the channel.  
EoD: Late stage bulk fill within channels and proximal areas of frontal lobes 
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Lf10 
Structureless 
fine-grained 
sandstone 
with 
mudstone 
and siltstone 
clasts 
Structureless fine sandstone beds, ~0.25-0.7 m thick, reaching up to 1.2 m. Mud clasts are abundant, 
averaging between <0.01-0.04 m in diameter, although, some are ~0.2 m in diameter. Rare examples 
of horizons where a “slurry” of sandstone with abundant mm-sized mud lathes are present, they are 
typically 0.01-0.05 m thick. The mud clast-rich zone is generally preserved at/near the base of sand 
units, and the clasts themselves become sandier in composition up through the succession of Sub-unit 
C2 (this is best observed in core Bav 1a). 
Depositional process: The presence of the mud clasts indicates erosion updip. Mudclasts are deposited 
as a channel lag/drape. Locally, clasts show secondary injection features 
EoD: Mud clast mantled surfaces (MCMS) and mud clast conglomerate deposited and moved in traction 
beneath confined flows, they are mostly associated with flows confined within channels. 
 
 
 
 
 
 
Lf11 
 
 
Interbedded 
mudstone 
and siltstone 
 
 
Mudstone rich facies (beds 30-100 cm) interbedded with cm thick laminae of fine, medium and coarse 
siltstone and very fine sandstone. Typically structureless, with little to no internal stratification seen 
at outcrop. Bed thicknesses are very variable, from 1 cm to 1 m thick. Inter-unit mudstones typically 
show a gradual thinning down dip (over 10’s km). These deposits are very extensive: the inter-unit 
mudstones are mapped laterally and down-dip through the entire Laingsburg area. The thinner intra-
unit mudstones shown a similar lateral and down-dip continuity 
Depositional process: Distal expression, and settling of fine grained turbidites (Bouma’s Te division). 
Hemipelagic mode of deposition ensures regional coverage of the mudstone deposits. 
EoD: Extensive deposits that formed during periods of little sand supply into the basin, as part of 
condensed highstand intervals. 
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Figure 7.5: CD Ridge panel showing the distribution of facies identified and described in Table 1 (using facies codes). 
 211 
 
7.4 What are the key components of internal levees? 
The thin-bedded successions focussed on here have been interpreted as internal 
levees (Hodgson et al. 2011; Kane and Hodgson 2011). This published interpretation 
will be followed here, although alternative depositional environments will be 
discussed later in the chapter. There are three main sedimentary processes that 
contribute to the construction of a levee, flowstripping, overspill, and hemipelagic 
deposition, and these same three process act to construct both external and 
internal levees. The fundamental difference between flowstripping and overspill 
processes in external and internal levee settings is the bathymetric regime that the 
overbanking flow encounters. In an external levee setting, the flow has escaped the 
channel confinement, spilling over the external levee crest, interacting with the 
outer (back) slope of the external levee, allowing the flows to lose carrying capacity 
and it begins to deposit the coarser grained fraction of the flow abruptly. This will 
lead to simple and predictable palaeocurrent patterns (Kane et al. 2010) and 
vertical and lateral facies distributions (Morris et al. 2014). This depositional 
scenario may be more complicated in settings where there are overlapping external 
levees or large-scale bathymetric obstacles exist, such that confined external 
levees develop (see Chapter 5). In internal levee settings, however, the bathymetric 
template that the overbanking flows encounter will be more complicated and with 
a higher amplitude of relief, which leads to distinctive sedimentary facies, and 
facies distributions.  
7.4.1 Geometry of Internal levees 
External levees that confine submarine channels are characterised by a wedge-
shaped geometry that thins and tapers away from the parent channel (Skene et al., 
2002; Posamentier, 2003; Kane et al., 2007; 2009; Birman et al., 2009; Nakajima 
and Kneller, 2013). This characteristic geometry has been observed in seismic 
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studies, where a ‘gull-wing’ geometry is often described (McHargue and Webb, 
1986; Kolla and Coumes, 1987; Clemenceau et al., 2000; Babonneau et al., 2002; 
2004; Posamentier, 2003; Posamentier and Kolla, 2003, Wood and Mize-Spansky, 
2009) and rare outcrop studies (e.g. Beaubouef, 2004; Kane et al. 2007; Figueiredo 
et al. 2010; Khan and Arnott 2011; Kane and Hodgson, 2011). External levee 
deposits with a wedge-like, depositional geometry have been documented from 
Unit D and Sub-units C2, E2 and F2 of the Fort Brown Formation (Morris et al. 2014). 
However, this distinctive geometry has not been observed or described for internal 
levees of the Fort Brown Formation. Internal levees are less laterally extensive as 
they are limited by the larger confining surface, form more subdued seabed relief 
adjacent to channels compared to their external levee counterparts, and are 
generally not as well imaged or exposed. At outcrop, the finer-grained internal 
levee thin-beds weather recessively next to thick accumulations of sandstone 
associated with axial channel deposits, making a detailed description of internal 
levee characteristics difficult. The spacing of the research boreholes does not allow 
confident correlation of individual beds or bedsets to reconstruct the detailed 
internal levee depositional architecture. The classic wedge-like geometry 
associated with external levees may not always develop as it is associated with flow 
expansion and rapid deposition of coarser material in channel proximal localities, 
with a thinning and fining away from the channel over several kilometres. If usable 
accommodation space is limited, or the external levee is confined by a topographic 
high (structural or depositional), then the typical constructional wedge geometry 
may not be able to develop. This is similar to internal levees, if the overall 
confinement space within the channel-belt is narrow, then a constructional levee 
wedge geometry may be less apparent.  
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7.4.2 Facies distribution 
The geometry of internal levees does not simply refer to the cross-sectional shape 
of the levee deposit, it also refers to the broad-scale channel proximal to channel 
distal relationship, which has been captured through outcrop observations and high-
resolution core logging of the internal levee sedimentary facies. The dataset shows 
a direct correlation between sedimentary facies and proximity to the parent 
channel, with more sand-rich and energetic flow deposits recorded in proximal 
areas and more silt-rich and sluggish flow deposits recorded distally. 
When individual flows escape from channel confinement either locally within a 
confinement surface onto internal levees or outside the main channel-belt onto 
external levees, they undergo expansion resulting in a loss of competency and rapid 
deposition. When this deposition occurs simultaneously with continued bedload 
traction climbing ripples, stoss-side preserved ripples and aggradational sinusoidal 
bedforms are formed (Sorby, 1859; 1908; Allen, 1973, Jobe et al., 2012). This rapid 
deposition, in both internal and external levee settings, commonly results in the 
bulk of the flow being deposited in channel proximal areas, with deposits from a 
single flow thinning and fining away from the channel. This produces over time a 
levee wedge with channel proximal to channel distal relationships to the genetically 
related parent channel. We therefore describe internal levee deposits in terms of 
proximal internal levee (Figs. 7.4, 7.6, 7.6,7.8 and 7.9) and distal internal levee 
(Figs. 7.4, 7.10 and 7.11). 
7.4.2.1 Proximal Internal Levee 
Figures 7.6, 7.7 and 7.8 record proximal internal levee deposits of Unit D on the CD 
Ridge captured in Bav 4 (Figs. 7.6 and 7.8) and at outcrop (Fig. 7.7). The proximal 
internal levee deposits of Unit D comprise Lf2, Lf3, Lf4 and Lf8. Beds are 0.03-0.3 
m thick and commonly normally graded from very fine-grained sandstone to coarse 
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siltstone (55-60% sandstone). Sedimentary structures include sigmoidal bedforms, 
current ripple cross-lamination, climbing ripple cross-lamination (10-15°), 
multidirectional climbing ripple laminae and small scale (cm) deformation. Erosion 
surfaces and cm-scale scour surfaces are present 
 
Figure 7.6: Detailed core log crop from Bav 4. Channel margin deformation (sand-rich slump, dark 
green), internal levee (pale green), and channel off-axis (pale yellow) deposits are all captured (see 
key for details). This log shows the high level of variability of facies vertically as captured by one of 
the research boreholes. It also records the high energy characteristics of the proximal internal levee 
deposits (Lf3, Lf4 and Lf8) (See Enclosure 22 for enlarged version)..
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Figure 7.7: Representative 
outcrop facies photographs 
from proximal internal 
levee settings: A) 
Sandstone beds  with 
current ripple cross-
lamination, climbing-ripple 
cross-lamination and stoss-
side preserved current-
ripple cross-lamination.B) 
The same sandstone beds 
with the sedimentary 
structures highlighted. C) 
Sandstone beds from Unit D 
recording current ripple 
cross-lamination, climbing-
ripple cross-lamination and 
stoss-side preserved 
current-ripple cross-
lamination. D) The same 
sandstone beds from (C) 
with the sedimentary 
structures highlighted 
(Notebook 20 cm long, blue 
pencil 15 cm long and grey 
pencil 15 cm long for 
scale). 
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Figure 7.8: A) Core photographs showing typical proximal internal levee facies; sandstone dominated, often normally graded beds with current-ripple cross-lamination, 
climbing-ripple cross-lamination, stoss-side preserved ripple cross-lamination and aggradational sinusoidal bedforms. B) The same core photographs annotated to show the 
sedimentary structures and bed contacts recorded in proximal internal levee settings.
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The facies observed in C2 are similar to those observed in Unit D. The C2 proximal 
internal levee captured in Bav 2, also records a sand-rich deposit, dominated by 
tractional sedimentary structures (Lf2, Lf3, Lf4 and Lf8) with 0.03-0.3 m-thick beds. 
The entire succession contains 55-60% sandstone with an abundance of current 
ripple cross-lamination, climbing ripple cross-lamination, and sinusoidal bedforms, 
recording multi-directional palaeoflows (Fig. 7.8). This same facies is observed in 
parts of Bav 3, therefore it occurs on either side of the late-stage, vertically 
aggradational D channel complexes. 
Interpretation: The indicators of highly aggradational nature of deposits in the 
proximal internal levee deposits of Sub-unit C2 and Unit D indicate large volumes 
of sediment deposited rapidly from turbidity currents, undergoing continued 
tractional reworking. This is interpreted as a response to rapid flow expansion 
downstream from overspill adjacent to confinement. The presence of small scale 
erosion surfaces suggests that flows were occasionally of a high enough capacity 
and density to rework the tops of beds before losing capacity and becoming 
depositional. The multidirectional current indicators suggest that there was 
deflection of the overbanking flows from the margins of the larger confinement 
surface, a characteristic typical of internal levee deposits (Kane and Hodgson, 
2011).  
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Figure 7.9: A) Core log showing Unit D in Bav 2. B) Expanded core log of distal internal levee in Unit D. C) Core photographs showing typical proximal internal levee facies; 
sandstone dominated, often normally graded beds with current-ripple cross-lamination, climbing-ripple cross-lamination, stoss-side preserved ripple cross-lamination and 
aggradational sinusoidal bedforms. D) Annotated core photographs highlighting the sedimentary structures and bed contacts recorded in proximal internal levee settings.
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7.4.2.2 Distal Internal Levee 
Unit D distal internal levee deposits have been captured in Bav 5 (Fig. 7.10) and 
through field observations (Fig. 7.11). Lf1 and Lf2 dominate, as beds are 0.01-0.15 
m thick, 80-90% siltstone. Normally graded very fine-grained sandstone beds are 
present but are not common. Parallel-to-sub-parallel lamination is dominant with 
few occurrences of current ripple cross-lamination, limited to sandstone beds (Fig. 
7.10C), as are loaded bed contacts. There are occasional mudstone drapes, which 
become more common upwards. These are associated with low intensity 
bioturbation (1/2, Taylor and Goldring, 1993). Beds are laterally continuous but 
exposure quality makes it difficult to follow individual thin beds more than 20 m 
laterally. Within the distal internal levee deposits of Unit D, there is a thinning and 
fining upward pattern observed within a single distal internal levee succession 
where the siltstone dominated components are thicker and the sandstone beds are 
thinner and less numerous upwards (Fig. 7.11). 
Interpretation: The lateral facies change in the Unit D internal levee succession is 
typical of levee wedges as individual beds thin and fine away from the parent 
channel. This pattern is a consequence of flow expansion and loss of capacity, 
resulting in deposition of the coarsest fraction of the flow in channel proximal 
locations. 
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Figure 7.10: A) Sedimentary log measuring a distal internal levee deposit at outcrop. Photos B-E show a siltstone dominated deposit from Unit D with occasional sandstone 
beds containing current-ripple cross-lamination. The white annotation in Photograph C highlights the sedimentary structures (Yellow notebook 20 cm long, blue pencil 15 cm 
long and yellow tape measure 8 cm long for scale). 
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Figure 7.11: A) Core log showing Unit D in Bav 5. B) Expanded core log of distal internal levee in Unit D. C) Core photographs showing typical distal internal levee facies; 
siltstone dominated with occasional thin-beds (<1-4 cm thick) of very fine-grained sandstone. D) The same core photographs highlighting the sedimentary structures and bed 
contacts recorded in distal internal levee settings.
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7.5 Differentiating thin beds 
Integrating outcrop and core data permits a suite of recognition criteria to be 
developed and for the various thin-bedded sub-environments in a slope channel-
levee system (external levees, internal levees, terraces, confined/ponded lobe, 
channel margin and lobe fringe) to be differentiated: 
 Average bed thickness 
 Presence of sinusoidal lamination 
 Type of ripple structures present – climbing ripple cross-lamination, stoss-
side-preserved ripple cross-lamination, multi-directional ripple cross-
lamination etc.  
 Average grain size 
 Typical bed bases/lower bed contacts 
 Presence and frequency of mud drapes 
 Presence of bioturbation, if present, is it associated with mud drapes? 
 Presence and frequency of erosion surfaces 
 Are fining upwards sequences present? 
 Presence of soft sedimentary deformation? Intensity and scale if present? 
 Occurrence and regularity of events. 
7.5.1 External Levee deposits – proximal and distal 
External levee deposits are primarily characterised as thin bedded and siltstone 
prone deposits with a low (10%) proportion of sandstone (Laingsburg Formation; 
Kane and Hodgson, 2011; Morris et al., 2014a) that thin and fine away from the 
parent channel. Similar to internal levee deposits, a channel proximal to channel 
distal facies distribution is preserved in external levees. Channel proximal external 
levee environments are characterised by alternating packages of sigmoidal bedded 
sandstones and thinly-bedded sandstones reflecting changes in flow size and 
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velocity, as well as increasing confinement. Some scour features occur at bed bases 
and are associated with larger flow events. Sandstone content decreases away from 
the channel, where sediment was deposited rapidly building aggradational and 
highly tractive sedimentary structures. More distally, the external levee deposit is 
dominated by thinly-bedded siltstones and sandstones reflecting distance from the 
channel. Sandstone content decreases non-linearly away from the channel (see Fig. 
6.10). Facies changes are not only associated with distance from the channel, in a 
1D section there is an overall fining and thinning upward stratigraphy (Figs. 6.6 and 
6.7) with fine-grained sandstone beds concentrated towards the base of the levee 
succession in channel proximal environments. 
Unlike internal levee deposits, a wedge-shaped geometry in external levees has 
been documented at outcrop from the Fort Brown Formation (Morris et al., 2014a) 
and individual beds have been mapped out for ~ 700 m laterally as the thinned and 
fined before downlapping into the underlying mudstone deposits (Figs 6.5 and 
6.11)(Morris et al., 2014a). 
External levee deposits, found on the channel-belt side of the external levee crest 
line (i.e. inner external levee, sensu Kane and Hodgson, 2011) are prone to 
remobilisation with slide scars and contorted, often steeply dipping. strata 
commonly found on the channel-belt side of the cut crest (Figure 7.1a). In channel 
distal external levee settings small syn-sedimentary slumps have been identified. 
7.5.2 Internal levee – proximal and distal 
Proximal internal levees deposits feature alternating packages of bedded 
sandstones, normally graded sandstones and thinly-bedded siltstones that reflect 
changes in flow size and velocity. In some cases, scour features are observed at bed 
bases and are associated with larger more erosive flow events. The sandstone 
content exhibits a channel proximal to channel distal change, such that as one 
 224 
 
moves distally internal levee deposits are finer grained, thinner bedded with fewer 
erosion surfaces and tractional structures. Channel proximal deposits exhibit 
normally graded beds, with thick siltstone-rich bed caps, Sedimentary structures 
are highly tractional, suggestive of relatively rapid deposition (climbing ripple 
cross-lamination, sigmoidal bedforms, stoss-side preserved ripple cross-
lamination). Unsteady overspill is inferred due to multiple erosion surfaces within 
individual beds and palaeocurrents are often complicated, interpreted to record 
overspill from different parts of the channel and deflection off confining walls, 
erosional structures are much more common, sometimes leading to bed 
amalgamation, Deformation is restricted to small slumps and slides. Vertical (1D) 
thickness trends are poorly defined. In more distal locations, the internal levee 
deposits are siltstone dominated with very thin beds of very fine-grained sandstone 
dispersed throughout (<5 cm thick). 
7.5.3 Confined lobe/cut-off bend-fill 
Confined lobe deposits are interpreted in Bav 5, the well that intersects the most 
channel distal deposits of the Unit D slope valley (Fig. 7.4A) and is dominated by 
distal internal levee deposits. It is suggested that this feature was deposited in a 
fully confined zone of the slope valley system – confined on the channel distal side 
of the internal levee crests and the confinement surface of the slope valley, 
possible a cut-off meander bend setting (e.g. Babonneau et al. 2010) (see Figs. 7.4A 
and 7.4B), where overspilling flows are able to partially pond. 
Similar to proximal internal levee deposits, this deposit is dominated by fining 
upwards beds of very fine-grained sandstone to coarse siltstone, however, the beds 
comprising this deposit are much thick than traditional internal levee deposits (50-
90 cm compared to 3-30 cm), and the distal locality suggests that this deposit is not 
recording a proximal internal levee. The sedimentary structures record flow 
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complexity, suggesting reflection and deflection of flows within a confinement 
area. The sandstone areas of the beds are dominated by climbing ripple lamination, 
stoss-side preserved ripple cross-lamination, and sinusoidal lamination before 
becoming planar laminated into the siltstone dominated sections of the beds. 
7.5.4 Channel margin 
Channel margin deposits are deposited within a channel element cut/erosion 
surface. Commonly, they are dominated by thin-bedded sandstone and siltstone 
deposits that onlap onto the channel erosion surface. As such, a key diagnostic 
criteria to differentiate internal levee and channel margin thin beds is to examine 
the bed dip meter measured in well logs such as FMS. Figure 7.12 shows a series of 
gamma ray curves and bed dip meter readings from six main sub-environments, the 
channel margin deposits of Figure 7.12D show a broad scale decrease of bed-dips 
upwards when overlying an erosion surface, as is expected with channel margin 
onlap. Proximal internal levee deposits, however, do not display a typical bed-dip 
pattern, although distal internal levee deposits have uniform low dip readings (Fig. 
7.12C). 
The thin-bedded channel margin facies observed at outcrop and recorded in the CD 
Ridge cores are typically siltstone dominated (40-60%), often normally graded, 2-20 
cm thick, containing current ripple cross-lamination and frequent erosion surfaces 
(often multiple per bed). Channel margin deposits can be highly deformed mass 
flow deposits, formed through the collapsing of channel/valley margins. 
7.5.5 Lobe fringe 
The lobe fringe is deposited distally from a lobe feeder channel. It is characterised 
by laterally continuous packages of thin-bedded sandstones and thin-bedded 
siltstones (2-10 cm), often normally graded, with current ripple cross-lamination. A 
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key feature that differentiates distal external levee deposits from lobe fringe is the 
presence of bipartite beds with a lower clean sandstone division overlain by an 
argillaceous poorly sorted unit in lobe fringe successions which are interpreted as 
turbidites with linked debrites (Haughton et al. 2009; Hodgson 2009). 
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Figure 7.12: A) Gamma ray response and bed-dip readings recorded in the proximal external levee of Unit D, Bav 1a. B) Gamma ray response and bed-dip readings recorded 
in the distal external levee of Sub-unit C2, Bav 6. C) Gamma ray response and bed-dip readings recorded in the distal internal levee and ‘confined lobe’ deposit of Unit D, 
Bav 5. D) Gamma ray response and bed-dip readings recorded in proximal internal levee and channel margin settings of Unit D, Bav 4 (See Enclosure 23 for enlarged version). 
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7.6 Discussion 
7.6.1 Internal levee formation: 
7.6.1.1 Internal levees, terrace deposits, and abandonment 
deposits 
In seismic studies (Hübscher et al., 1997; Babonneau et al., 2002; 2004, 2010; 
Deptuck et al., 2003; 2007), large channel complex sets and slope valley systems 
are commonly observed to contain ~20-30% channel axial deposits. These are 
interpreted from the presence of bright amplitude reflectors. The remaining 70-
80% of the volume of the system is filled by undifferentiated, low-amplitude, dim 
seismic facies that has been described as abandonment deposits (Clark and 
Pickering, 1996), terrace deposits (Babonneau et al. 2010), and or internal 
(inner/confined) levees. This facies distribution of channel axis deposits and thin-
bedded deposits is similar to the Unit D-slope valley (Hodgson et al., 2011) where 
westerly stepping channel-fills are preserved as remnants and are overlain by a 
thick accumulation of thinly bedded sandstones and siltstones associated with the 
vertically aggradational component of the slope valley fill. In this example, internal 
levee deposits are associated with the later stage fill of the slope valley, 
constructed by overbanking flows from, and acting to confine, the youngest channel 
elements and channel complexes of Unit D in this area. There is no evidence of 
erosional terrace surfaces preserved at outcrop, and this could be a feature of 
outcrop quality. However, no evidence of extensive low-angle surfaces have been 
observed in the cores either, suggesting that terrace surfaces (straths) and their 
overlying deposits were not a prominent feature preserved at the CD Ridge. An 
alternative interpretation of the internal levee deposits as abandonment facies is 
not appropriate for the thin bedded deposits of the Unit D slope valley; 
abandonment deposits would not confine the latest stage vertically aggradational 
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channels towards the west of the valley. Without a deposit with topographic relief, 
those channels would’ve migrated towards areas of more usable accommodation 
space within the slope valley. Also, the proximal to distal facies distribution within 
the thin-beds would not be observed with an abandonment plug or fill as there 
would be no active process driving the decrease in sand and or tractional structures. 
Therefore, the process sedimentology and the lateral and vertical changes in 
sedimentary facies, support an interpretation of an internal levee that developed 
within and confining the youngest aggradational channel complex. 
7.6.1.2 Depositional mechanism: 
In several seismic studies, two discrete seismic facies associated with internal 
levees deposits have been described (Babonneau et al., 2004; 2010, Deptuck et al., 
2007). These units comprise a lower unit with channel-ward dipping reflectors, 
interpreted as lateral accretion packages (Abreu et al., 2003; Deptuck et al., 2003; 
2007) or point bars (Kolla et al., 2001; 2007; Babonneau et al., 2010), overlain by 
horizontal, or flat reflectors interpreted as inner levee deposits (Babonneau et al., 
2004; 2010; Deptuck et al., 2007; Kolla et al., 2007). At the CD Ridge, the internal 
levees are deposited over remnant channels (Hodgson et al., 2011), Terraces have 
not been identified at outcrop or in the core.  
Two possible depositional mechanisms are shown in Figures 7.13 and 7.14: 
A. Frontal lobe deposition (Figs. 7.13A and 7.14A) 
B. Parent channel lengthens, incising through the frontal lobe, depositing 
external levees over the remnant frontal lobe deposit (Figs. 7.13B and 
7.14B) 
C. Channel confinement surface deepens, incising through the underlying 
mudstone. The channel is not asymmetric as sinuosity has increased with 
maturity. Overbanking processes are increasing the height of the external 
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levees, the asymmetry of the channel results in a higher/thicker external 
levee on the outer bend (Figs. 7.13C and 7.14C) 
D. Figure 7.13D illustrates how the channel confinement surface deepens and 
widens as the channel asymmetry is accentuated by the migration of the 
channel as it meanders, resulting in increased erosion on the outer bend and 
deposition of point bars, or lateral accretion deposits (sensu Arnott, 2007) 
and cut-off meanders on the inner bend. However Figure 7.14D shows 
channels preserved as remnants when the active channel has migrated, as 
is the case of Unit D at the CD Ridge. In both examples, overbanking 
processes continue to increase the height of the external levees, however, 
this occurs at a slower rate than previously due to the increasing height 
between the channel base and the external levee crest. As the channel cuts 
to a surface and migrates laterally (Figs. 7.13 and 7.14), a terrace surface 
is formed (Wood and Mize-Spansky, 2009), and over time, overbanking 
processes result in deposition of sediments on this surface as terrace 
deposits (Figs. 7.13D and 7.14E); in seismic sections this deposit is 
equivalent to the flat lying reflectors of Babonneau et al., (2004); (2010); 
Deptuck et al., (2007); and Kolla et al., (2007). It is suggested that terrace 
deposits may be the commencement of internal levee development as they 
are deposited from overbanking flows but they do not act to confine the 
channel and it is only when these deposits have a significant topography and 
act as a confinement to the channel that they are described as internal 
levees. 
E. (and F) As the individual channels of the channel complex set aggrade 
vertically, internal levees are deposited over the terrace deposits, aggrading 
with and acting to confine the channels. Larger, higher magnitude flow 
events overbank onto the external levee, adding volume and height to the 
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levees confining the channel-belt (Figs. 7.13E and 7.14F). Over time, if the 
channel aggrades at the same pace as the external levees then confinement 
both by the erosion surface and the height of the levees (both internal and 
external), decreases. This allows for larger proportions of a turbidity flow 
to overbank on to the external levee, culminating in an amalgamation of the 
internal and external levees as the overbanking flows are no longer confined 
to the channel belt. 
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Figure 7.13: A model showing evolution and growth of internal levees (based on observations from 
seismic studies). A-C) Shows the deposition of a frontal lobe and later incision by the parent channel. 
D) Increasing width and depth of channel confinement surface as channel sinuosity increases, 
deposition of point bars/lateral accretion packages on the inner bend with erosion concentrated on 
the outer bend, terrace deposits are deposited over the laterally accreting inner bend deposits. E) 
Vertical aggradation of channel elements and channel complexes results in deposition of internal 
levees (pale green) acting to confine the vertically aggrading channel elements and channel complexes  
(See Enclosure 24 for enlarged version). 
  
 233 
 
 
Figure 7.14: A second model for evolution and growth of internal levees (based on the CD Ridge 
outcrop study). A-C) Shows the deposition of a frontal lobe and later incision by the parent channel. 
D) Increasing width and depth of channel confinement surface as the active channel migrates laterally, 
preserving older channels as remnants. E) Further lateral migration of the channel and deposition of 
terrace deposits overspilling from the active channel – terrace deposits may not be present or 
identified. F) Vertical aggradation of channel elements and channel complexes results in deposition 
of internal levees (pale green) acting to confine the vertically aggrading channel elements and channel 
complexes (See Enclosure 25 for enlarged version). 
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7.6.1.3 How do internal levees end downslope? Do they pass into 
external levees? 
In most subsurface studies, internal levee deposits are described from slope areas 
where they form within a larger confinement surface where they are bounded by a 
combination of an erosion surface and external levees (Babonneau et al., 2002; 
Deptuck et al., 2003). However, they cannot be confidently traced down 
depositional dip into more distal reaches of the system. Therefore, longitudinal 
position within the channel profile is potentially a significant control on the 
formation and preservation of internal levees, and their stratigraphic relationship 
with external levees. Decreasing confinement of the channel belt downdip, through 
a decrease in the erosional component of the channel profile and a generally 
decreasing height of external levees (Pirmez et al., 2000; Posamentier et al., 2000) 
is likely to be the controlling factor on the presence of internal levees. With 
decreasing confinement height turbidity currents are more likely to overbank and a 
greater proportion of the turbidity current has the potential to spill out of the 
channel belt and onto the external levee rather than remaining within the channel 
belt forming internal levees. In down-dip areas, Unit D becomes less entrenched, 
confined by smaller external levees (Brunt et al., 2013b) before transitioning to 
unconfined terminal lobe deposits over a distance of >80 km. Internal levees have 
not been described in the Unit D system in down-dip areas. The decrease in the 
height of the external levee deposits is evidenced through the presence of crevasse 
splays/lobes, which more commonly occur in more basinward localities when levee 
height has decreased and the channelised system is less confined. 
7.6.2 Internal versus confined – structural or topographically 
An internal levee is defined as a constructional feature deposited within the 
confines of a channel belt (Kane and Hodgson, 2011), as shown in Figure 7.15A. 
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They are often confined by both a combination of erosion and external levee 
construction. Where an external levee is partially confined by a bathymetric high, 
either a structural bathymetric barrier, an older external levee deposit or the edge 
of the basin, it is here described as a ‘confined external levee’ deposit, as shown 
by the map-section and cross-section views of Figures 7.15B and 7.15C. One 
example of a confined overbank wedge (deposited under similar processes as 
confined external levees) is described by Hubbard et al. (2009) from the narrow 
Molasse basin of Upper Austria, where the basin margin acted as a structural 
confinement surface for the levee. Confined external levees onlap onto the 
confinement surface rather than downlapping onto underlying mudstone deposits 
as is typical of external levees. They do not have a typical wedge-shaped geometry 
and there is no long distance run-out of beds that is typical of laterally extensive 
external levee deposits. Flows depositing onto external levees are expanding and 
uni-directional palaeocurrents are preserved indicating flows moving away from the 
channel (Fig. 7.15C) as opposed to confined external levee deposits where 
reflection and deflection of flows (Fig. 7.15B and 7.15C) recorded in the complexity 
of the palaeocurrents with the presence of multidirectional ripple cross-lamination.  
The sedimentary processes dominating within confined external levees and internal 
levees are similar, therefore their facies associations may share affinities, such as 
multidirectional current ripple lamination is present in both deposits due to the 
deflection of flows by the confining. However, confined external levees are not 
fully confined therefore no thick silt-rich bed caps associated with fining upwards 
sequences as the finer grained component of the flow can overspill in the 
unconfined direction. It is also probable that ‘confined external levee’ deposits are 
more laterally continuous than internal levee deposits. 
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Figure 7.15: A) Map view and cross-section view showing broad overbanking flow patterns and spatial relationships of internal levee, ‘confined/ponded lobe’ and external 
levees. B) Map view and cross-section view showing broad overbanking flow patterns and spatial relationships of  internal levee, ‘confined/ponded lobe’, external levee and 
confined external levee (dark orange), confined external levees are shown here to be confined by an older external levee deposit although the same pattern would be 
observed for a topographical confinement of the levee. C) Map view and cross-section view showing broad overbanking flow patterns and spatial relationships of external 
levee and confined external levee deposits, when internal levee deposits are not deposited. 
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7.7 Conclusions 
The CD Ridge outcrop correlation panel and behind outcrop research boreholes 
provides a unique dataset that permits a detailed analysis of the heterogeneous fill 
of a deeply entrenched slope valley. Previous interpretations from seismic datasets, 
and rare outcrop analogues of this thin-bedded component of valley fill includes 
terrace deposits, mass transport deposits, abandonment and internal levee 
deposits. Detailed facies analysis of the well constrained outcrop, interpretation of 
sedimentary processes, sedimentary facies distributions, and unit thickness as well 
as the position of the heterogeneous fill within the slope valley, all support an 
internal levee interpretation. There is a channel proximal to distal relationship 
preserved in the sedimentary facies distribution with sand content decreasing 
markedly away from the channels. The internal levees within the Unit D slope valley 
overlie older remnant channel-fills, providing a record of the latest stage in the 
evolution of the slope valley and these deposits act to confine a vertically 
aggradational phase of channelised deposition within the slope valley. 
The Unit D system has been correlated for ~80 km down-dip, where it becomes less 
entrenched before passing into terminal lobe deposits. Internal levees within Unit 
D are only observed in more proximal locations and are not present in down-dip, 
basinward localities. This is similar to observed in seismic datasets from other 
systems, although the downslope termination of internal levees has not been 
addressed. 
Although levees may provide a more complete stratigraphic record of channel 
evolution and through-going flows than axial deposits, where flows often bypass 
most of their sediment downdip, this record is cryptic. As internal levees are more 
likely to record even the smallest through-going flow that is confined within the 
channel belt but which cannot overbank onto the external levee; internal levees 
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record waning phases, whereas external levees record waxing and waning phases. 
However, internal levee deposits are more prone to reworking and removal by 
larger magnitude and erosive flows compared to external levees therefore hiatuses 
in sedimentation that are recorded in the external levee may not always be 
recorded in the internal levee. 
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Chapter 8: Conclusions 
The CD Ridge outcrop correlation panel and behind outcrop boreholes is a unique 
dataset that allows for a detailed analysis on the heterogeneous fill of a deeply 
entrenched slope valley. Previous interpretations from seismic datasets, and rare 
outcrop analogues of this thin-bedded component of valley fill includes terrace 
deposits, mass transport deposits, abandonment and internal levee deposits. 
Detailed facies analysis of the well constrained outcrop, interpretation of 
sedimentary processes, sedimentary facies distributions, and unit thickness as well 
as the position of the heterogeneous fill within the slope valley, all support an 
internal levee interpretation. There is a channel proximal to distal relationship 
preserved in the sedimentary facies distribution with sand content decreasing 
markedly away from the channels. The internal levees within the Unit D slope valley 
overlie older remnant channel deposits, providing a record of the latest stage in 
the evolution of the slope valley and these deposits act to confine a vertically 
aggradational phase of channelised deposition within the slope valley. 
The Unit D system has been correlated for ~80 km down-dip, where it becomes less 
entrenched before passing into terminal lobe deposits. Internal levees within Unit 
D are only observed in more proximal locations and are not present in down-dip, 
basinward localities. This is similar to observed in seismic datasets from other 
systems, although the downslope termination of internal levees has not been 
addressed. 
Whilst levees may provide a more complete stratigraphic record of channel 
evolution and through-going flows than axial deposits where a lot of flows may have 
bypassed sediment downdip this record is cryptic as internal levees are more likely 
to record even the smallest through-going flow that is confined within the channel 
belt but which cannot overbank onto the external levee. However, internal levee 
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deposits are more prone to reworking and removal by larger magnitude and erosive 
flows compared to external levees therefore hiatuses in sedimentation that are 
recorded in the external levee may not always be recorded in the internal levee. 
8.1 Addressing research rationale questions: 
8.1.1 How can the 1D record of submarine channel-levee 
evolution be used to improve 3D predictions? 
The identification of a channel element hierarchy at outcrop is based on tracing out 
erosion surfaces and assessing their maximum depth of erosion. In core and well 
logs this is not possible, and most intersection will not encounter the maximum 
thickness of any element. In the core and well log dataset, erosion surfaces overlain 
by mudstone rip-up clasts or an abrupt change in facies (e.g. from axis to margin), 
were used to identify channel elements. Channel complexes were defined by 
grouping channel elements with similar characteristics and where there was an 
abrupt change in facies and where there was an abrupt increase in mudstone and 
claystone clasts, which suggest an increase in slope erosion up-dip due to a change 
in channel course.  
Nonetheless, there is a stratigraphic increase in the preserved thickness of all the 
identified elements in the axis (in Bav 1a) indicating lower preservation potential 
and increased stratigraphic complexity at the base of a channel complex set that 
should be accounted for in production-scale models. This is echoed in the 2D 
correlation panel where thin remnants of several channel complexes suggest that a 
full reconstruction of their geometry and association with levees is not possible.  
Also highlighted in the study based on the Sub-unit C2 channel complexes (Chapter 
4) is that at the ~ 700 m lateral well spacing, none of the surfaces could be 
identified in both cores other than the main composite bounding surface, therefore 
there was no direct correlation of channel complex scale surfaces possible using the 
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core dataset alone. Integrating core and outcrop observations, with 3D constraint 
controlled by correlating across the post-depositional syncline highlights that 
correlating between channel elements, channel complexes and channel complexes 
is dependent on the well spacing relative to palaeocurrent; for example two wells 
positioned 700 m lateral distance, perpendicular to palaeoflow direction did not 
correlate (Bav 1A and Bav 2), however a well 2 km along palaeoflow direction could 
correlate (on the northern limb of the syncline). 
This study also demonstrates that thin-bedded deposits comprise a major 
component within and outside channel confinement surfaces, and that their 
depositional history is complicated and not yet fully understood, and a hierarchical 
scheme that could be confidently applied to levees would enable more confident 
identification in 1D datasets and help to decipher the cryptic record of highly 
energetic channel systems where a record may be a surface rather than a rock 
volume. 
8.1.2 How can the sedimentary process record of thin-bedded 
turbidite successions be used to differentiate 
depositional environments? 
The Unit D slope valley, preserved at the CD Ridge is an outcrop example of a well 
constrained slope channel-levee system dominated by heterogeneous thin-bedded 
fill (70%) (Kane and Hodgson, 2011; Hodgson et al., 2011). Six fully cored research 
boreholes, drilled behind the CD Ridge outcrop enable detailed characterisation of 
lithofacies and interpretation of this thin-bedded component of the valley fill, 
allowing a differentiation between different sub-environments of deposition within 
the channel-levee system. Using both the outcrop and core data, a suite of criteria 
has been utilised to aid the differentiation between the various thin-bedded sub-
environments identified in a slope channel-levee system (external levees, internal 
levees, confined/ponded lobe, channel margin and lobe fringe), a comparater table 
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created using answers to the following questions for each sub-environment is 
present in Table 8.1: 
 Average Bed thickness 
 Presence of sinusoidal lamination 
 Type of ripple structures present – climbing ripple cross-lamination, 
stoss-side-preserved ripple cross-lamination, multi-directional ripple 
cross-lamination or unidirectional ripple cross-lamination 
 Average grain size 
 Typical bed bases/lower bed contacts 
 Presence and frequency of mud drapes 
 Presence of Bioturbation, if present, is it associated with mud drapes? 
 Presence and frequency of erosion surfaces 
 Are fining upwards sequences present? 
 Presence of soft sedimentary deformation? Intensity and scale if present? 
 Occurrence and regularity of events. 
A series of schematic logs (Figs. 8.1-8.3) below shown the main sub-environments 
identified from the slope channelised environment of Fort Brown formation. 
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Figure 8.1: Schematic logs of channel axis, and channel margin deposits. 
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Figure 8.2: Schematic logs of proximal internal levee and distal internal levee deposits. Vertical scale 
in metres. 
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Figure 8.3: Schematic logs of proximal and distal external levee deposits. Vertical scale in metres. 
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Figure 8.4: Schematic logs of frontal lobe and lobe fringe deposits. Vertical scale in metres. 
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Figure 8.5: Schematic log of abandonment deposits. Vertical scale in metres. 
The following table shows the criteria identified to allow for the differentiation of 
thin-bedded heterolithics found within the different sub-environments of a channel-
levee system; external levees, internal levees, channel margin and lobe fringe. This 
table has been constructed by combining observations made from the core and 
outcrop. 
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Table 8.1: Showing differentiation criteria for thin-bedded deposits within the Laingsburg submarine channel levee systems 
 
 
Characteristics Proximal 
External Levee 
Distal External Levee Proximal Internal 
Levee 
Distal Internal 
Levee 
Channel Margin Abandonment Lobe Fringe 
Average Bed 
thickness 
5-20 cm 1-7cm thick, the 
thicker events are 
more unusual. 
3-30 cm Sand beds 1-3cm 
thick. Siltstone 
beds 5-30cm thick. 
1-20cm thick <1-10cm thick 
 
2-10cm thick 
Average grain size 
– sand versus silt 
content 
10-20% silt, 
becomes siltier 
in composition 
upwards. 
30-40% silt ~40-45% Silt 80-90% Silt 40-60% silt 85-90% silt 
 
60-80% silt 
Sigmoidal 
bedforms? 
Present 
throughout – 
predominant 
bedforms 
Not present Few examples 
present in thicker 
beds 
Not present Not present Not present Not present 
Current ripple 
lamination? 
Present 
throughout 
Present throughout Present throughout Few rare examples 
(not abundant) 
Present 
throughout 
Present 
throughout 
Present 
throughout 
Climbing ripple 
lamination? 
Present 
throughout 
Not present Low angle climbing 
ripple laminae 
common 
Not present Not present Not present Not present 
Stoss-side 
preserved ripple 
lamination? 
Present 
throughout 
Not present Few examples Not present Not present Not present Not present 
Dm-scale cross 
laminae? 
Present 
throughout 
Not present Present throughout Not present Present 
throughout 
Not present Not present 
Multidirectional 
current laminae? 
Not present Not present Present throughout Not present Not present Not present Not present 
Bed dip changes 
above erosion 
surfaces? 
Not present Not present Not present Not present Present 
throughout – 
bed dips 
decrease 
upwards above 
erosion surfaces 
Not present Not present 
Poorly sorted 
upper division – 
Hybrid beds (with 
organics)? 
Not present Not present Not present Not present Not present Not present Present 
throughout 
Describe the bed 
bases/lower bed 
contacts 
Sharp basal 
contacts, some 
of which are 
erosive 
Sharp basal contacts, 
often loaded. 
Sharp, erosive basal 
contacts, also 
loaded. 
Sharp basal 
contacts 
Sharp basal 
contact, often 
erosive and/or 
loaded. 
Sharp basal 
contacts. 
 
Sharp bases. 
Are mud drapes 
present? 
Few mud 
drapes 
scattered 
throughout, 
become more 
numerous 
upwards 
Frequent, mud 
drapes tend to 
overlie every bed 
regardless of how 
small it is 
Very few mud 
drapes but become 
more frequent 
upwards 
Frequency of mud 
drapes increases 
upwards 
Not present Frequent mud 
drapes. No clear 
trend. 
 
Not present 
Is it bioturbated? Low intensity 
and low 
diversity 
bioturbation 
(1/2) associated 
with the mud 
drapes 
Low intensity and 
low diversity 
bioturbation (1-2) 
associated with the 
mud drapes 
Very little 
bioturbation (1/2) 
unless associated 
with the mud 
drapes 
Very little 
bioturbation (1/2) 
unless associated 
with the mud 
drapes 
Little – to – 
none 
Bioturbated 
(2/3) – 
impressive 
burrows, can 
distort 
lamination in 
the sands, not 
always 
Little – to – none 
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Characteristics Proximal 
External Levee 
Distal External Levee Proximal Internal 
Levee 
Distal Internal 
Levee 
Channel Margin Abandonment Lobe Fringe 
Average Bed 
thickness 
5-20 cm 1-7cm thick, the 
thicker events are 
more unusual. 
3-30 cm Sand beds 1-3cm 
thick. Siltstone 
beds 5-30cm thick. 
1-20cm thick <1-10cm thick 
 
2-10cm thick 
Average grain size 
– sand versus silt 
content 
10-20% silt, 
becomes siltier 
in composition 
upwards. 
30-40% silt ~40-45% Silt 80-90% Silt 40-60% silt 85-90% silt 
 
60-80% silt 
Sigmoidal 
bedforms? 
Present 
throughout – 
predominant 
bedforms 
Not present Few examples 
present in thicker 
beds 
Not present Not present Not present Not present 
Current ripple 
lamination? 
Present 
throughout 
Present throughout Present throughout Few rare examples 
(not abundant) 
Present 
throughout 
Present 
throughout 
Present 
throughout 
Climbing ripple 
lamination? 
Present 
throughout 
Not present Low angle climbing 
ripple laminae 
common 
Not present Not present Not present Not present 
Stoss-side 
preserved ripple 
lamination? 
Present 
throughout 
Not present Few examples Not present Not present Not present Not present 
Dm-scale cross 
laminae? 
Present 
throughout 
Not present Present throughout Not present Present 
throughout 
Not present Not present 
Multidirectional 
current laminae? 
Not present Not present Present throughout Not present Not present Not present Not present 
Bed dip changes 
above erosion 
surfaces? 
Not present Not present Not present Not present Present 
throughout – 
bed dips 
decrease 
upwards above 
erosion surfaces 
Not present Not present 
Poorly sorted 
upper division – 
Hybrid beds (with 
organics)? 
Not present Not present Not present Not present Not present Not present Present 
throughout 
Describe the bed 
bases/lower bed 
contacts 
Sharp basal 
contacts, some 
of which are 
erosive 
Sharp basal contacts, 
often loaded. 
Sharp, erosive basal 
contacts, also 
loaded. 
Sharp basal 
contacts 
Sharp basal 
contact, often 
erosive and/or 
loaded. 
Sharp basal 
contacts. 
 
Sharp bases. 
Are mud drapes 
present? 
Few mud 
drapes 
scattered 
throughout, 
become more 
numerous 
upwards 
Frequent, mud 
drapes tend to 
overlie every bed 
regardless of how 
small it is 
Very few mud 
drapes but become 
more frequent 
upwards 
Frequency of mud 
drapes increases 
upwards 
Not present Frequent mud 
drapes. No clear 
trend. 
 
Not present 
Is it bioturbated? Low intensity 
and low 
diversity 
bioturbation 
(1/2) associated 
with the mud 
drapes 
Low intensity and 
low diversity 
bioturbation (1-2) 
associated with the 
mud drapes 
Very little 
bioturbation (1/2) 
unless associated 
with the mud 
drapes 
Very little 
bioturbation (1/2) 
unless associated 
with the mud 
drapes 
Little – to – 
none 
Bioturbated 
(2/3) – 
impressive 
burrows, can 
distort 
lamination in 
the sands, not 
always 
Little – to – none i t d 
(2/3) – large 
burrows 2-4 cm 
long, can 
distort 
lamination in 
the sands, 
although not 
always 
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8.1.3 What is the variability of the characteristics of submarine 
levee deposits? 
This study provides a comprehensive description of multiple exhumed silt-rich 
submarine external levees where the internal facies relationships have been 
constrained and all the major components have been identified including sediment 
waves and crevasse lobes, including: 
 The distribution of sand and sedimentary facies is not only controlled by the 
distance from the parent channel system, but also the confinement of the 
channel and the magnitude of the turbidity currents.  
 Sedimentary facies of the external levees are dominated by tractional 
structures that indicate high rates of sediment fallout under continued 
traction, resulting in the highest volumes of sand are deposited closer to the 
confinement with flows thinning out laterally.  
 Beds have been documented as thinning and fining away from the parent 
channel system before downlapping onto underlying mudstones reflecting 
the commonly identified seismic architecture observed in external levee 
successions in subsurface datasets.  
 An overall fining and thinning upwards in the external levée successions is 
attributed to increasing confinement of individual flows and/or the waning 
of the system as it begins to backstep, although perturbations to this trend 
can develop depending on the evolution of the channel system.  
Locally preserved frontal lobe deposits towards the base of several of the levee 
successions (Unit D) suggests that where there is available accommodation space 
and when a channel is not fully in bypass mode, external levees initiate through the 
deposition of a frontal lobe, followed by the lengthening and progradation of the 
channel where increased flow confinement results in the construction of external 
levees by overbanking flows.  
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The unique dataset present herein also allows for a detailed comparison to internal 
levees and a set of criteria to aid in the differentiation between internal and 
external levee deposits (in both proximal and distal locales. 
8.1.4 What are the diagnostic criteria to identify exhumed 
frontal lobes and where do they form? 
Sub-unit C3 is a rare outcrop example of a preserved frontal lobe complex that 
formed in a lower slope position prior to deposition of terminal lobes farther down-
dip. 
 The low-aspect ratio and mounded geometry documented at outcrop has 
been shown to be purely depositional in origin where beds have been 
observed thinning, fining and downlapping onto underlying mudstone 
packages rather than being truncated by erosion surfaces.  
 The frontal lobe complex is dominated by highly tractional sedimentary 
structures such as aggradational dm-scale sinusoidal stoss-side preserved 
bedforms, with low-high angle climbing ripple laminated fine-grained 
sandstones, indicating high rates of sediment fallout  attributed to rapid 
flow expansion, conditions present at the abrupt terminus of feeder 
channels. 
 The distinctive aggradational sedimentary facies and the unusual geometry 
of the C3 frontal lobe complex could permit identification of frontal lobe 
deposits in slope settings elsewhere in outcrop and in seismic datasets. 
A vertical facies change within the Unit D external levee and a facies comparison 
to Sub-unit C3, suggests that the levee records the preservation of a precursor or 
frontal lobe deposit that was later incised by the lengthening of the channel 
preserving only remnants of the lobe overlain by the external levee. This 
interpretation suggests that levee evolution occurs in four steps: 1) the deposition 
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of a frontal or precursor lobe deposit; 2) the lengthening of the parent channel 
through its frontal lobe with eventual progradation of the external levee over the 
frontal lobe; 3) aggradation of both the levee and the channel; before 4) the 
eventual abandonment of the channel-levee system either through channel avulsion 
or a backstepping of the entire system. 
Frontal lobe deposits are not always deposited as part of the channel-initiation 
phase, for example, Sub-unit C2-aged frontal lobe deposits have not been recorded 
in the proximal Baviaans area, instead the first documented occurrence of lobe 
deposits ~25 km downdip (Di Celma et al., 2011; Brunt et al., 2013). This lack of 
frontal lobes suggests that there was limited accommodation locally so the channels 
remained in bypass mode further in to the basin before any frontal or terminal lobes 
were deposited, therefore usable accommodation space on the slope is likely one 
of the controlling factors in the deposition of frontal lobes. 
8.2 Future work 
8.2.1 Suggestions for potential areas of future work: 
8.2.1.1 Levee hierarchy 
Hierarchy in channels is commonly applied in both outcrop and subsurface datasets, 
and a diagnostic suite of criteria is in place to allow the identification of channel 
elements, channel complexes and channel complex sets (terminology after Sprague 
et al., 2002), however, the issue of hierarchy in levees is less transparent. It is 
understood that single external levees, are levees constructed by currents flowing 
through a single channel element, whereas composite levees are levees constructed 
by currents flowing through several generations of channel elements (temporally 
and spatially), however, as yet, a definitive suite of criteria that allows a 
differentiation of these hierarchical scales in external levee deposits has not been 
defined. 
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Identification of a hierarchy in external levees would enable direct correlation 
between levees and their associated channel elements, channel complexes and 
channel complex sets. As levees preserve a more complete record of the evolution 
of the channel-levee system, a robust hierarchy would permit a more accurate 
assessment of the amount of sediment bypass through a channel at different 
stratigraphic intervals. A statistical approach with regard to bed thickness and 
grain-size is suggested; one that would allow a comparison between the proximal 
and distal external levees, as well as a comparison to internal levee deposits, both 
in the Unit D slope valley system and in other systems from around the world, where 
the number of channel complexes and architecture is well constrained, potentially 
allowing for the development of a levee hierarchical scheme. A statistical approach 
may also allow for more generic comparison between systems, i.e., what common 
relationships are there, such as relative sand thicknesses, sand loss, relative bed 
thinning rates, and a quantitative study on the difference in the volume of overspill 
on either levee (inner bend versus outer bend), potentially enabling a comparison 
between different sub-environment of the same system and other basins, one that 
is not reliant on absolute grain size (rather relative) and the presence of certain 
sedimentary structures. 
8.2.1.2 Comparison to different systems – Thin-bed differentiation 
Compare and contrast modern and ancient systems to test the vigour of the 
differentiation criteria developed in this study 
Compare and contrast systems with different grain-size regimes to test how robust the 
differentiation criteria is. 
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8.2.1.3 Comparison to other systems - External levees 
Studies on mud-rich systems such as the Amazon and the Indus (Reading and 
Reynolds, 1994) have shown that individual channel levees can reach >100 m in 
height. Seismic studies on the Indus fan system, the second largest submarine fan 
on Earth (McHargue and Webb, 1986), have recorded very high (>100 m) and wide 
(McHargue and Webb, 1986; Carmichael et al., 2009) mud and silt rich levees, with 
occasional thin sand beds (Kolla and Coumes, 1983; 1987; McHargue and Webb, 
1986). These levees are significant morphological features that are high relief 
structures in proximal areas of the fan (Upper and Middle fan sensu Kolla and 
Coumes, 1983; 1987; transitional and aggradational zones of McHargue and Webb 
(1986)). 
Whilst studies on the Amazon fan system have documented that fan system 
aggraded principally through the deposition of thick mud and silt rich external 
levees (Normark et al., 1997; Lopez, 2001), commonly exhibiting a thinning and 
fining upwards vertical profile (Manley et al., 1997; Lopez, 2001). Lopez (2001) 
noted that the uppermost 300 m of the Amazon fan is comprised of 4 levee 
complexes, each of which has been formed by a number of channel-levee systems. 
The height and width of both levees and channels decreases down-fan (Lopez, 
2001). 
McHargue and Webb (1986) suggest that the different longitudinal geometry of 
external levees of the Indus and Amazon fan systems are a result of the differences 
in proximity to sediment source (provenance) and hinterland climate results in more 
mud and clay prone, mature sediment transported into the Amazon fan system 
compared to the silt and mud prone Indus fan system 
Mud-rich levees might be inherently different in that there cohesive strength and 
thick stratified flows can build large levees above the regional slope, and lead to 
strongly aggradational channel stacking versus siltier systems, like the levees 
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observed in the Fort Brown formation, which are easier to erode (lateral migration) 
and form less significant relief. 
8.2.1.4 Comparison to different systems – Internal levees 
Unlike external levees, the geometry and facies characteristics of internal levee 
deposits have not been extensively described in the literature, however, they have 
been described at outcrop from the Rosario Formation (Kane et al., 2009; Kane and 
Hodgson, 2011), the Fort Brown Formation (Kane and Hodgson, 2011; Hodgson et 
al., 2011) and they have also been captured in core samples from the Zaire valley 
by Babonneau et al., (2010). Each of these systems have very different grain-size 
profiles; the Rosario Formation has a wide grain-size range (Kane et al., 2007, 2009; 
2010b; Kane and Hodgson, 2011), the Fort Brown Formation is very fine-grained 
(Kane and Hodgson, 2011; Hodgson et al., 2011) and the Zaire is mud-rich 
(Babonneau et al., 2010), however, observations from each of these systems 
suggests that grain size most likely influences the expression of the internal levee, 
such as bed thicknesses, sedimentary structures and it is also suggested that 
longitudinal position within the system controls the presence of internal levees, i.e. 
internal levees are more likely to be present towards the middle of the channel 
longitudinal profile where confinement is significant enough to enable the 
confinement of flows and the construction of internal levees. In addition, it is also 
suggested that maturity and duration of the conduit influences whether or not 
internal levee are deposited and preserved, as in all of these examples, the internal 
levees are preferentially preserved during a more aggradational stage of the 
evolution of the channel belt. 
 256 
 
References 
Abreu, V., Sullivan, M., Pirmez, C. and Mohrig, D., 2003, Lateral accretion packages 
(LAPs): an important reservoir element in deep water sinuous channels. 
Marine and Petroleum Geology, v. 20, p. 631-648. 
Adeogba A.A., McHargue, T.R. and Graham, S.A., 2005, Transient fan architecture 
and depositional controls from near-surface 3-D seismic data, Niger Delta 
continental slope. Bulletin of the American Association of Petroleum 
Geologists, v. 89, p.627-643. 
Allen, J.R.L., 1971a, A theoretical and experimental study of climbing-ripple cross-
lamination, with a field application to the Uppsala Esker: Geografiska 
Annaler, Series A, Physical Geography, v. 53, p. 157-187. 
Allen, J.R.L., 1971b, Instantaneous sediment deposition rates deduced from 
climbing-ripple cross-lamination: Journal of the Geological Society, v. 127, p. 
553-561. 
Allen, J.R.L., 1973, A classification of climbing-ripple cross-lamination: Journal of 
the Geological Society, v. 129, p. 537-541. 
Allen, P., 1997, Earth Surface Processes. Blackwell Science, Oxford. 
Amos, K.J., Peakall, J., Bradbury, R.W., Roberts, M., Keevil, G. and Gupta, S., 
2010, The influence of bend amplitude and planform morphology on flow and 
sedimentation in submarine channels: Marine and Petroleum Geology, v. 27, 
p. 1431-1447. 
Amy, L., Kneller, B. and McCaffrey, W., 2000, Evaluating the links between 
turbidite characteristics and gross system architecture: Upscaling insights 
from the turbidite sheet-system, of Peïra Cava, SE France: In P. Weimer, R. 
M. Slatt, J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. J. Styzen, and 
 257 
 
D. T. Lawrence, eds., Global deep-water reservoirs: Gulf Coast Section SEPM 
Foundation 20th Annual Bob F. Perkins Research Conference, p. 1-15. 
Andersson, P.O.D., Worden, R.H., Hodgson, D.M. and Flint, S.S, 2004, Provenance 
evolution and chemostratigraphy of a Palaeozoic submarine fan-complex: 
Tanqua Karoo basin, South Africa. Marine and Petroleum Geology v.21, p.55-
577. 
Armitage, D.A., McHargue, T., Fildani, A. and Graham, S.A., 2012, Postavulsion 
channel evolution: Niger Delta continental slope: AAPG Bulletin, v. 96, p. 823-
843. 
Arnott, R. W. C., 2007, Stratigraphic architecture and depositional processes of a 
proximal crevasse splay and genetically related, sinuous channel fill, Isaac 
Formation, British Columbia, Canada: in T. H. Nilsen, R. D. Shew, G. S. 
Steffens, and J. R. J. Studlick, eds., Atlas of deep-water outcrops: AAPG 
Studies in Geology 56 
Babonneau, N., Savoye, B., Cremer, M. and Klein, B., 2002, Morphology and 
architecture of the present canyon and channel system of the Zaire deep-sea 
fan: Marine and Petroleum Geology, v. 19, p. 445-467. 
Babonneau, N., Savoye, B., Cremer, M. and Bez, M., 2004, Multiple terraces within 
the deep incised Zaire Valley (Zaïango Project): are they confined levees? In: 
Confined Turbidite Systems (Eds S.A. Lomas and P. Joseph): Journal of the 
Geological Society, Special Publication, v. 222, p. 91-114. 
Babonneau, N., Savoye, B., Cremer, M. and Bez, M., 2010, Sedimentary architecture 
in meanders of a submarine channel: detailed study of the present Congo 
turbidite channel (Zaïango Project): Journal of Sedimentary Research, v. 80, 
p. 852-866. 
 258 
 
Badalini, G., Kneller, B. and Winker, C.D., 2000, Architecture and Processes in the 
Late Pleistocene Brazos-Trinity Turbidite System, Gulf of Mexico Continental 
Slope: In P. Weimer, R. M. Slatt, J. Coleman, N. C. Rosen, H. Nelson, A. H. 
Bouma, M. J. Styzen and D. T. Lawrence, eds., Global deep-water reservoirs: 
Gulf Coast Section SEPM Foundation 20th Annual Bob F. Perkins Research 
Conference, p. 16-34. 
Badescu, M.O., Visser, C.A. and Donselaar, M.E., 2000, Architecture of Thick-
Bedded Deep-Marine Sandstones of the Vocontian Basin, SE France: In P. 
Weimer, R. M. Slatt, J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. J. 
Styzen, and D. T. Lawrence, eds., Global deep-water reservoirs: Gulf Coast 
Section SEPM Foundation 20th Annual Bob F. Perkins Research Conference, p. 
35-39. 
Bangert, B., Stollhofen, H., Lorenz, V. and Armstrong, R., 1999, The geochronology 
and significance of ash-fall tuffs in the glaciogenic Carboniferous-Permian 
Dwyka Group of Namibia and South Africa. Journal of African Earth Sciences 
v.29, p.33-49. 
Bastia, R., Das, S. and Radhakrishna, M., 2010, Pre- and post-collisional depositional 
history in the upper and middle Bengal fan and evaluation of deepwater 
reservoir potential along the northeast Continental Margin of India: Marine 
and Petroleum Geology, v. 27, p. 2051-2061. 
Beaubouef, R.T., 2004, Deep-water leveed-channel complexes of the Cerro Toro 
Formation, Upper Cretaceous, southern Chile: AAPG Bulletin, v. 88, p. 1471-
1500. 
Beaubouef, R. T., Abreu, V. and Van Wagoner, J. C., 2003, Basin 4 of the Brazos-
Trinity slope system, western Gulf of Mexico: the terminal portion of a late 
Pleistocene lowstand systems tract. In: Gulf Coast Section-SEPM Foundation 
 259 
 
23rd Annual Bob F. Perkins Research Conference. (Ed. by H. H. Roberts, N. C. 
Rosen, R. H. Fillon, and J. B. Anderson), p. 182-203. 
Birman, V.K., Meiburg, E. and Kneller, B.C., 2009, The shape of submarine levees: 
exponential or power law?: Journal of Fluid Mechanics, v. 619, p. 367-376. 
Blikeng, B. and Fugelli, E., 2000, Application of Results from Outcrops of the Deep-
Water Brushy Canyon Formation, Delaware Basin, as Analogues from the Deep-
Water Exploration Targets on the Norwegian Shelf: In P. Weimer, R. M. Slatt, 
J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. J. Styzen, and D. T. 
Lawrence, eds., Global deep-water reservoirs: Gulf Coast Section SEPM 
Foundation 20th Annual Bob F. Perkins Research Conference, p. 806-816. 
Booth, J.R., Dean, M.C., DuVernay, III, A.E. and Styzen, M.J., 2003, Paleo-
bathymetric controls on the stratigraphic architecture and reservoir 
development of confined fans in the Auger Basin: central Gulf of Mexico slope. 
Marine and Petroleum Geology, v. 20, p. 563-586. 
Bouma, A.H., 1962, Sedimentology of some Flysch deposits; a graphic approach to 
facies interpretation: Amsterdam; New York, Elsevier Publishing Company. 
Bowen, A.J., Normark, W.R. and Piper, D.J.W., 1984, Modelling of turbidity 
currents on Navy Submarine Fan, California Continental Borderland: 
Sedimentology, v. 31, p. 169-186 
Browne, G.H. and Slatt, R.M., 2002, Outcrop characterization of a late Miocene 
slope fan system, Mt. Messenger Formation, New Zealand: AAPG Bulletin, v. 
86, p. 841-862. 
Brunt, R.L., Di Celma, C.N., Hodgson, D.M., Flint, S.S., Kavanagh, J.P. and Van der 
Merwe, W.C., 2013a, Driving a channel through a levee when the levee is high: 
An outcrop example of submarine down-dip entrenchment: Marine and 
Petroleum Geology, v. 41, p. 134-145. 
 260 
 
Brunt, R.L., Hodgson, D.M., Flint, S.S., Pringle, J.K., Di Celma, C.N., Prélat, A. and 
Grecula, M., 2013b, Confined to unconfined: Anatomy of a base of slope 
succession, Karoo Basin, South Africa: Marine and Petroleum Geology, v. 41, 
p. 206-221. 
Buffington, E.C., 1952, Submarine ‘natural levees’: Journal of Geology, v. 60, p. 
473-479. 
Butterworth, P.J. and Verhaeghe, J., 2012, Evolution of a Pliocene upper slope 
channel complex set, Giza Field, West Nile Delta, Egypt: Interaction of 
sedimentation and tectonics: In Rosen, N.C. et al., eds., New Understanding 
of Petroleum Systems on Continental Margins of the World: 32nd Annual Gulf 
Coast Section SEPM Bob F. Perkins Research Conference Proceedings (in 
press). 
Campion, K.M., Sprague, A.R., Mohrig, D., Lovell, R.W., Drzewiecki, P.A., Sullivan, 
M.D., Ardill, J.A., Jensen, G.N. and Sickafoose, D.K., 2000, Outcrop 
expression of confined channel complexes. : In P. Weimer, R. M. Slatt, J. 
Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. J. Styzen, and D. T. 
Lawrence, eds., Global deep-water reservoirs: Gulf Coast Section SEPM 
Foundation 20th Annual Bob F. Perkins Research Conference, p. 127-150. 
Campion, K.M., Dixon, B.T. and Scott, E.D., 2011, Sediment waves and depositional 
implications for fine-grained rocks in the Cerro Toro Formation (Upper 
Cretaceous), Silla Syncline, Chile: Marine and Petroleum Geology, v. 28, p. 
761-784. 
Carmichael, S.M., Akhter, S., Bennett, J.K., Fatimi, M.A., Hosein, K., Jones, R.W., 
Longacre, M.B., Osborne, M.J. and Tozer, R.S.J., 2009, Geology and 
Hydrocarbon potential of the offshore Indus Basin, Pakistan. Petroleum 
Geoscience, v. 15, p. 107-116. 
 261 
 
Catterall, V., Redfern, J., Gawthorpe, R., Hansen, D. and Thomas, M., 2010, 
Architectural style and quantification of a submarine channel-levee system 
located in a structurally complex area: Offshore Nile Delta, Journal of 
Sedimentary Research, v. 80, p. 991-1017 
Catuneanu, O., 2004, Basement control on flexural profiles and the distribution of 
foreland facies: the Dwyka Group of the Karoo Basin, South Africa. Geology 
v.32, p.517-520. 
Catuneanu, O., Hancox, P.J. and Rubridge, B.S., 1998, Reciprocal flexural 
behavious and contrasting stratigraphies: a new basin development model for 
the Karoo retroarc foreland system, South Africa: Basin Research, v. 10, p. 
417-439. 
Catuneanu, O., Wopfner, H., Erikkson, P.G., Cairncross, B., Rubridge, B.S., Smith, 
R.M.H. and Hancox, P.J., 2005, The Karoo basins of south-central Africa: 
Journal of African Earth Sciences, v. 43, p.211-253. 
Catuneanu, O., Galloway, W.E., Kendall, C.G,St. C., Miall, A.D., Posamentier, 
H.W., Strasser, A. and Tucker, M.E., 2011, Sequence Stratigraphy: Methology 
and Nomenclature, Newsletters on Stratigraphy, Vol. 44/3, p. 173-245 
Chough, S.K. and Hesse, R., 1976, Submarine meandering thalweg and turbidity 
currents flowing for 4000 km in the Northwest Atlantic Mid-Ocean Channel, 
Labrador Sea. Geology, 4, 529-534. 
Chough, S.K. and Hesse, R., 1980, The Northwest Atlantic Mid-Ocean Channel of the 
Labrador Sea: III Head Spill vs. Body spill deposits from Turbidity Currents on 
Natural Levees. Journal of Sedimentary Petrology 50, 227–234. 
Clark, J.D. and Pickering, K.T., 1996, Architectural elements and growth patterns 
of submarine channels; applications to hydrocarbon exploration: AAPG 
Bulletin, v. 80, p. 194-221. 
 262 
 
Clark, J.D. and Gardiner, A.R., 2000, Outcrop analogues for deep-water channel 
and levee genetic units from the Grés d’Annot turbidite system, SE France: In 
P. Weimer, R. M. Slatt, J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. 
J. Styzen, and D. T. Lawrence, eds., Global deep-water reservoirs: Gulf Coast 
Section SEPM Foundation 20th Annual Bob F. Perkins Research Conference, p. 
175-190. 
Clark, J.D., Kenyon, N.H. and Pickering, K.T., 1992, Quantitative analysis of the 
geometry of submarine channels: Implications for the classification of 
submarine fans. Geology, v. 20, p. 633-636. 
Clemenceau, G.R., Colbert, J. and Edens, D., 2000, Production results from Levee-
overbank turbidite sands at Ram/Powell Field, Deepwater Gulf of Mexico: In 
P. Weimer, R. M. Slatt, J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. 
J. Styzen, and D. T. Lawrence, eds., Global deep-water reservoirs: Gulf Coast 
Section SEPM Foundation 20th Annual Bob F. Perkins Research Conference, p. 
241-251. 
Cole, D.I., 1992, Evolution and development of the Karoo Basin: In De Wit, M.J. and 
Ransome, I.G.D., eds., Inversion tectonics of the Cape Fold Belt. Karoo and 
Cretaceous Basins of southern Africa: A.A. Balkema, Rotterdam, p.87-99. 
Cole, D.I. and Whipplinger, P.E., 2001, Sedimentology and Molybdenum Potential 
Beaufort Group in the Karoo Basin. Council for Geoscience, Geological Survay 
of South Africa, Memoir 80. 
Collinson, J.D., Martinsen, O. Bakken, B. and Kloster, A., 1991, Early fill of the 
western Irish Namurian Basin: a complex relationship between turbidites and 
deltas. Basin Research, v. 3, p. 223-242. 
 263 
 
Cossu, R., Wells, M.G. and Wåhlin, 2010, Influence of the Coriolis force on the 
velocity structure of gravity currents in straight submarine channel systems: 
Journal of Geophysical Research, v. 115, C11016  
Covault, J.A., Normark, W.R., Romans, B.W. and Graham, S.A., 2007, Highstand 
fans in the California borderland: The overlooked deep-water depositional 
systems. Geology, v. 35, p. 783-786. 
Cronin, B.T., Hurst, A., Celik, H. and Türkmen, I., 2000, Superb exposure of a 
channel, levee and overbank complex in an ancient deep-water slope 
environment: Sedimentary Geology, v. 132, p. 205-216. 
Cronin, B.T., Çelik, H., Hurst, A. and Turkmen, I., 2005, Mud prone entrenched 
deep-water slope channel complexes from the Eocene of eastern Turkey. in: 
Hodgson, D.M., Flint, S.S. (Eds.), Submarine Slope Systems, Processes and 
Products: Geological Society of London Special Publications, v. 244, p. 155-
180. 
Cross, N.E., Cunningham, A., Cook, R.J., Taha, A., Esmaie, E. and El Swidan, N., 
2009, Three-dimensional seismic geomorphology of a deep-water slope-
channel system: The Sequoia field, offshore west Nile Delta, Egypt: AAPG 
Bulletin, v. 93, p. 1063-1086. 
Damuth, J.E. and Flood, R.D, 1985, Amazon Fan, Atlantic Ocean, In: Frontiers in 
Sedimentary Geology, Submarine Fans and Related Turbidite Systems,1985,pp 
97-106 
Damuth, J.E., Flood, R.D., Kowsmann, R.O., Belderson, R.H. and Gorini, M.A., 
1988, Anatomy and growth pattern of Amazon deep-sea fan as revealed by 
long-range side-scan sonar (GLORIA) and high-resolution seismic studies: AAPG 
Bulletin, v. 72, p.885-911. 
 264 
 
Deptuck, M.E., Steffens, G.S., Barton, M. and Pirmez, C., 2003, Architecture and 
evolution of upper fan channel belts on the Niger Delta slope and in the 
Arabian Sea: Marine and Petroleum Geology, v. 20, p. 649-676. 
Deptuck, M.E., Sylvester, Z., Pirmez, C. and O’Byrne, C., 2007, Migration-
aggradation history and 3-D seismic geomorphology of submarine channels in 
the Pleistocene Benin-major Canyon, western Niger Delta slope: Marine and 
Petroleum Geology, v. 24, p. 406-433. 
De Wit, M. and Ransome, I.G.D., 1992, Regional inversion tectonics along the 
Southern margin of Gondwana. In: De Wit, M.J., Ransome, I.G.D. (Eds.), 
Inversion Tectonics of the Cape Fold Belt, Karoo and Cretaceous Basins of 
Southern Africa. A.A. Balkema, Rotterdam, p. 15-21. 
DeVries, M. and Lindholm, R.M., 1994, Internal architecture of a channel-levee 
complex,Cerro Toro Formation, Southern Chile. In P. Weimer, A.H. Bouma, 
A.H. and B.F. Perkins, (eds), Submarine Fans and Turbidite Systems GCSSEPM 
Foundation, Houston, 105-114. 
Di Celma, C.N., Brunt, R.L., Hodgson, D.M., Flint, S.S. and Kavanagh, J.P., 2011, 
Spatial and temporal evolution of a Permian submarine slope channel-levee 
system, Karoo Basin, South Africa: Journal of Sedimentary Research, v. 81, p. 
579-599. 
Droz, L., Marsset, T., Ondréas, H., Lopez, M., Savoye, B. and Spy-Anderson, F.-L., 
2003, Architecture of an active mud-rich turbidite system: the Zaire Fan 
(Congo-Angola margin southeast Atlantic). Results from Zaiango 1 and 2 
cruises. AAPG Bulletin, v. 87 (7), p. 1145-1168. 
Elliott, T., 2000, Megaflute erosion surfaces and initiation of turbidite channels: 
Geology, v. 28, p. 119-122. 
 265 
 
Emmel, F.J. and Curray, J.R., 1985, Bengal Fan, Indian Ocean, In: Frontiers in 
Sedimentary Geology, Submarine Fans and Related Turbidite Systems, 1985, 
pp 107-112 
Etienne S., Mulder T., Bez M., Desaubliaux, G., Kwasniewski, A., Parize, O., 
Dujoncquoy, E. and Salles, T., 2012, Multiple scale characterization of sand-
rich distal lobe deposit variability: Examples from the Annot Sandstones 
Formation, Eocene-Oligocene, SE France. Sedimentary Geology, v. 273-274, 
p. 1-18. 
Etienne S., Mulder T., Bez M., Desaubliaux, G., Razin P., Bez M., Desaubliaux G., 
Joussiaume R. and Tournadour E., 2013, Proximal to distal turbidite sheet-
sand heterogeneities: Characteristics of associated internal channels. 
Examples from the Trois-Evêchés basin, Eocene-Oligocene Annot Sandstone 
Formation, SE France. Marine and Petroleum Geology, v. 41, p. 117-133. 
Faure, K. and Cole, D., 1999, Geochemical evidence for lacustrine microbial blooms 
in the vast Permian Main Karoo, Paraná, Falkland Islands and Huab basins of 
southwestern Gondwana. Palaeogeography, Palaeoclimatology, 
Palaeoecology, v. 152, p. 189–213. 
Ferry, J-N., Mulder, T., Parize, O. and Raillard, S., 2005, Concept of equilibrium 
profile in deep-water turbidite systems: effects of local physiographic 
changes on the nature of sedimentary process and the geometries of deposits. 
in: Hodgson, D.M., Flint, S.S. (Eds.), Submarine Slope Systems, Processes and 
Products: Geological Society of London Special Publications, v. 244, p. 181-
194. 
Ferry, J.-N., Parize, O., Mulder, T. and Raillard, S., 2005, Sedimentary architecture 
and growth of turbidite systems in distal part of a median fan; example of the 
 266 
 
Upper Miocene sedimentary sequence of the Lower Congo basin: Geodinamica 
Acta, v. 18, p. 145-152. 
Figueiredo, J., 2009, Sedimentological and Stratigraphic Evolution of a Muddy 
Submarine Slope Succession, Karoo Basin, South Africa: Unpublished Ph.D 
Thesis, University of Liverpool 
Figueiredo, J.J.P., Hodgson, D.M., Flint, S.S. and Kavanagh, J.P., 2010, 
Depositional environments and sequence stratigraphy of an exhumed Permian 
mudstone-dominated submarine slope succession, Karoo Basin, South Africa: 
Journal of Sedimentary Research, v. 80, p. 97-118. 
Figueiredo, J.J.P., Hodgson, D.M., Flint, S.S. and Kavanagh, J.P., 2013, 
Architecture of a channel complex formed and filled during long-term 
degradation and entrenchment on the upper submarine slope, Unit F, Fort 
Brown Fm., SW Karoo Basin, South Africa: Marine and Petroleum Geology, v. 
41, p. 104-116. 
Fildani, A. and Normark, W.R., 2004, Late Quaternary evolution of channel and lobe 
complexes of Monterey Fan: Marine Geology, v. 206, p. 199-223. 
Fildani, A., Normark, W.R. Kostic, S. and Parker, G., 2006, Channel formation by 
flow-stripping: Large-scale scour features along the Monterey East channel 
and their relation to sediment waves, Sedimentology, v. 53, p. 1265-1287. 
Fildani, A., Drinkwater, N.J., Weislogel, A., McHargue, T., Hodgson, D.M. and Flint, 
S.S., 2007, Age controls on the Tanqua and Laingsburg deep-water systems: 
new insights on evolution and sedimentary fill of the Karoo basin, South 
Africa. Journal of Sedimentary Research v.77, p.901-908. 
Fildani, A., Weislogel, A., Drinkwater, N.J., McHargue, T., Tankard, A., Wooden, 
J., Hodgson, D.M. and Flint, S.S., 2009, U-Pb zircon ages from the 
 267 
 
southwestern Karoo basin, South Africa-Implications for the Permian-Triassic 
boundary. Geology v.37, p.719-722. 
Flint, S.S., Hodgson, D.M., Sprague, A.R., Brunt, R.L., Van der Merwe, W.C., 
Figueiredo, J., Prélat, A., Box, D., Di Celma, C. and Kavanagh, J.P., 2011, 
Depositional architecture and sequence stratigraphy of the Karoo basin floor 
to shelf edge succession, Laingsburg depocentre, South Africa: Marine and 
Petroleum Geology, v. 28, p. 658-674. 
Flood, R. D. and Piper, D. J. W., 1997, Amazon fan sedimentation: the relationship 
to equatorial climate change, continental denudation, and sea-level 
fluctuations: In Proceedings of the Ocean Drilling Programme, Scientific 
Results, Leg 155. (Eds R.D. Flood, D.J.W. Piper, A. Klaus, L.C. Peterson), 
Ocean Drilling Programme, College Station, TX, p. 653-678.  
Flood, R.D., Manley, P.L., Kowsmann, R.O., Appi, C.J. and Pirmez, C., 1991, 
Seismic facies and Late Quaternary growth of Amazon submarine fan: In 
Weimer, P., and Link, M.H., eds., Seismic facies and sedimentary processes 
of modern and ancient submarine: New York, Springer-Verlag, p. 415-433. 
Flood, R. D., Piper, D. J. W. Klaus, A. and Shipboard Scientific Party, 1995, 
Proceedings of the Ocean Drilling Programme, Initial report, Volume 155, 
College Station, Texas, Ocean Drilling Programme, p. 1233.  
Fonnesu, F., 2003, 3D seismic images of a low-sinuosity slope channel and related 
depositional lobe (West Africa deep-offshore): Marine and Petroleum Geology, 
v. 20, p. 615-629. 
Funk, J.E., Slatt, R., M. and Pyles, D.R., 2012, Quantification of static connectivity 
between deep-water channels and straitigraphically adjacent architectural 
elements using outcrop analogs, AAPG Bulletin, Vol. 96, No. 2, pp. 277-300. 
 268 
 
Gardner, M.H., Borer, J.M., Melick, J.J., Mavilla, N., Dechesne, M. and Wagerle, 
R.N., 2003, Stratigraphic process-response model for submarine channels and 
related features from studies of Permian Brushy Canyon outcrops, West Texas: 
Marine and Petroleum Geology, v. 20, p. 757-787. 
Gee, M.J.R., and Gawthorpe, R.L., 2006, Submarine channels controlled by salt 
tectonics: Examples from 3D seismic data offshore Angola. Marine and 
Petroleum Geology, v. 23, p. 443-458. 
Grecula, M., 2000, Stratigraphy and architecture of tectonically controlled turbidite 
systems, Laingsburg Formation, Karoo Basin, South Africa: Unpublished Ph.D. 
thesis, University of Liverpool, U.K., p. 184. 
Grecula, M., Flint, S.S., Potts, G., Wickens, D. and Johnson, S., 2003a, Partial 
ponding of turbidite systems in a basin with subtle growth-fold topography: 
Laingsburg-Karoo, South Africa: Journal of Sedimentary Research, v. 73, p. 
603-620. 
Grecula, M., Flint, S.S., Wickens, H.D. and Johnson, S.D., 2003b, Upward-
thickening patterns and lateral continuity of Permian sand-rich turbidite 
channel fills, Laingsburg Karoo, South Africa: Sedimentology, v. 50, p. 831-
853. 
Groenenberg, R.M., Hodgson, D.M., Prélat, A., Luthi, S.M. and Flint, S.S., 2010, 
Flow-deposit interaction in submarine lobes: insights from outcrop 
observations and process based numerical model realisations: Journal of 
Sedimentary Research, v. 80, p. 252-267. 
Haughton, P.D.W., Davis, C., McCaffrey, W.D. and Barker, S.P., 2009, Hybrid 
sediment gravity flow deposits – classification, origin and significance. Marine 
and Petroleum Geology, v. 26, p. 1900–1918. 
 269 
 
Hay, A.E., Burling, R.W., and Murray, J.W., 1982, Remote acoustic detection of 
turbidity current surge: Science, v. 217, p. 833-835 
Hickson, T.A. and Lowe, D.R., 2002, Facies architecture of a submarine fan channel-
levee complex: the Juniper Ridge Conglomerate, Coalinga, California: 
Sedimentology, v. 49, p. 335-362. 
Hiscott, R.N., 1994, Loss of capacity, not competence, as the fundamental process 
governing deposition from turbidity currents: Journal of Sedimentary Research, 
Section A: Sedimentary Petrology and Processes, v. 64, p. 209-214. 
Hiscott, R.N., Hall, F.R. and Pirmez, C., 1997a, Turbidity current overspill form the 
Amazon Channel: texture of the silt/sand load, palaeoflow from anisotropy of 
magnetic susceptibility, and implications for flow processes: In Proceedings 
of the Ocean Drilling Programme, Scientific Results, Leg 155. (Eds R.D. Flood, 
D.J.W. Piper, A. Klaus, L.C. Peterson), Ocean Drilling Programme, College 
Station, TX, p. 53-78.  
Hiscott, R.N., Pirmez, C. and Flood, F.D., 1997b, Amazon submarine fan drilling: A 
big step forward for deep-sea fan models: Geoscience Canada, v. 24, p. 13-
24. 
Hodgson, D.M., 2009, Distribution and origin of hybrid beds in sand-rich submarine 
fans of the Tanqua depocentre, Karoo Basin, South Africa: Marine and 
Petroleum Geology, v. 26, p. 1940-1956. 
Hodgson, D.M. and Haughton, P.D.W., 2004, Impact of syn-depositional faulting on 
gravity current behaviour and deep-water stratigraphy: Tabernas-Sorbas 
Basin, SE Spain. In: Lomas, S.A. and Joseph, P. (eds), Confined Turbidite 
Systems. Geological Society, London, Special Publications, v. 222, p. 135-158. 
Hodgson, D.M., Flint, S.S., Hodgetts, D., Drinkwater, N.J., Johannessen, E.P. and 
Luthi, S.M., 2006, Stratigraphic evolution of fine-grained submarine fan 
 270 
 
systems, Tanqua depocenter, Karoo Basin, South Africa: Journal of 
Sedimentary Research, v. 76, p. 20-40. 
Hodgson, D.M., Di Celma, C.N., Brunt, R.L. and Flint, S.S., 2011, Submarine slope 
degradation and aggradation and the stratigraphic evolution of channel-levee 
systems: Journal of the Geological Society, v. 168, p. 625-628. 
Hübscher, C., Speiβ, V., Breitzke. and Weber, ME., 1997, The youngest channel-
levee system on the Bengal Fan, results from digital sediment echosounder 
data: Marine Geology, v. 141, p. 125-145.  
Hubbard, S., 2011, The stratigraphic transition from out-of-grade to graded slope 
margins associated with the filling of deep-water foreland basins, Recovery – 
2011 CSPG CSEG CWLS Convention Abstract 
Hubbard, S.M., de Ruig, M.J. and Graham, S.A., 2009, Confined channel-levee 
complex development in an elongate depo-center: Deep-water Tertiary strata 
of the Austrian Molasse basin, Marine and Petroleum Geology, Vol. 26, pp. 85-
112 
Hunter, R.E., 1977, Terminology of cross-stratified sedimentary layers and 
climbing-ripple structures: Journal of Sedimentary Research, v. 47, p. 697-
706. 
Ito, M., Ishikawa, K. and Nishida, N., 2014, Distinctive erosional and depositional 
structures formed at a canyon mouth: A lower Pleistocene deep-water 
succession in the Kazusa forearc basin on the Boso Peninsula, Japan. Accepted 
at Sedimentology, DOI: 10.1111/sed.12128 
James, D.M.D., 2006, A late Ordovician/early Silurian non-depositional slope and 
perched roll-over basin along the Tywi anticline, mid Wales. Geological 
Journal, 26, 17-26. 
 271 
 
Jobe, Z.R., Bernhardt, A. and Lowe, D.R., 2010, Facies and architectural asymmetry 
in a conglomerate-rich submarine channel fill, Cerro Toro Formation, Sierra 
del Toro, Magallanes Basin, Chile: Journal of Sedimentary Research, v. 80, p. 
1085-1108. 
Jobe, Z.R., Lowe, D.R. and Morris, W.R., 2012, Climbing-ripple successions in 
turbidite systems: depositional environments, sedimentation rates and 
accumulation times: Sedimentology, v. 59, p. 867-898. 
Johnson M.R., 1991, Sandstone petrography, provenance and plate tectonic setting 
in Gondwana context of the Southeastern Cape-Karoo Basin. South African 
Journal of Geology v. 94, p. 137–154. 
Johnson, M.R., van Vuuren, C.J., Visser, J.N.J., Cole, D.I., de van Wickens, H., 
Christie, A.D.M. and Roberts, D.L., 1997, The Foreland Karoo Basin, South 
Africa in Selley, R.C. (ed.) African Basins. Sedimentary Basins of the World. 
Amsterdam, Elsevier Science, v. 3, p. 269-317. 
Jones, A.T., Frank, T.D. and Fielding, C.R., 2006, Cold climate in the eastern 
Australian mid to late Permian may reflect cold upwelling waters, Papers in 
the Earth and Atmospheric Sciences. Paper 112. 
Jones, G.E.D., Hodgson, D.M. and Flint, S.S., 2013, Contrast in the Process Response 
of Stacked Clinothems to the Shelf-Slope Rollover. Geosphere, v. 9, p. 299-
316 
Jopling, A.V. and Walker, R.G., 1968, Morphology and origin of ripple-drift cross-
lamination, with examples from the Pleistocene of Massachusetts: Journal of 
Sedimentary Research, v. 38, p. 971-984. 
Kane, I.A. and Hodgson, D.M., 2011, Sedimentological criteria to differentiate 
submarine channel levee subenvironments: Exhumed examples from the 
Rosario Fm. (Upper Cretaceous) of Baja California, Mexico, and the Fort Brown 
 272 
 
Fm. (Permian), Karoo Basin, S. Africa: Marine and Petroleum Geology, v. 28, 
p. 807-823. 
Kane, I.A., Kneller, B.C., Dykstra, M., Kassem, A. and McCaffrey, W.D., 2007, 
Anatomy of a submarine channel-levee: An example from Upper Cretaceous 
slope sediments, Rosario Formation, Baja California, Mexico: Marine and 
Petroleum Geology, v. 24, p. 540-563. 
Kane, I.A., McCaffrey, W.D. and Peakall, J., 2008, Controls on sinuosity evolution 
within submarine channels. Geology, v. 36, p. 287-290.  
Kane, I.A., Dykstra, M., Kneller, B.C., Tremblay, S. and McCaffrey, W.D., 2009, 
Architecture of a coarse grained channel-levee system: the Rosario 
Formation, Baja California, Mexico: Sedimentology, v. 56, p. 2207-2234. 
Kane, I.A., McCaffrey, W.D., Peakall, J. and Kneller, B.C., 2010a, Submarine 
channel-levee shape and sediment waves from physical experiments: 
Sedimentary Geology, v. 223, p. 75-85. 
Kane, I.A., Catterall, V., McCaffrey, W.D. and Martinsen, O., 2010b, Submarine 
channel response to intrabasinal tectonics: The influence of lateral tilt, AAPG 
Bulletin, Vol. 94, No. 2, pp. 189-219. 
Keevil, G.M., Peakall, J., Best, J.L. and Amos, K.J., 2006, Flow structure in sinuous 
submarine channels: Velocity and turbulence structure of an experimental 
submarine channel: Marine Geology, v. 229, p. 241-257. 
Kelling, G., 1968, Submarine channel and fan deposits, Silurian of central Wales, 
United Kingdom. AAPG Bulletin; v. 52; p. 35-536. 
Khan, Z.A. and Arnott, R.W.C., 2011, Stratal attributes and evolution of asymmetric 
inner- and outer-bend levee deposits associated with an ancient deep-water 
 273 
 
channel-levee complex within the Isaac Formation, southern Canada: Marine 
and Petroleum Geology, v. 28, p. 824-842.  
King, R.C., Hodgson, D.M., Flint, S., Potts, G.J. and Van Lente, B., 2009, 
Development of subaqueous fold belts as a control on the timing and 
distribution of deepwater sedimentation: an example from the southwest 
Karoo Basin, South Africa. In: Kneller, B., Martinsen, O.J. and McCaffrey, B. 
(Eds.). External Controls on Deep-Water Depositional Systems. SEPM Special 
Publication. v. 92, p. 261-278. 
Klaucke, I., Hesse, R. and Ryan, W.B.F., 1998, Seismic stratigraphy of the Northwest 
Atlantic Mid-Ocean Channel: growth pattern of a mid-ocean channel-levee 
complex. Marine and Petroleum Geology, v. 15, p. 575-585. 
Kneller, B., 1995, Beyond the turbidite paradigm: physical models for deposition of 
turbidites and their implications for reservoir prediction: Geological Society, 
London, Special Publications, v. 94, p. 31-49. 
Kolla, V., 2007, A review of sinuous channel avulsion patterns in some major deep-
sea fans and factors controlling them, Marine and Petroleum Geology, v. 24, 
p. 450-469. 
Kolla, V. and Coumes, F., 1987, Morphology, internal structure, seismic stratigraphy 
and sedimentation of the Indus Fan. AAPG Bulletin, v. 71, p. 650-677. 
Kolla, V., Posamentier, H.W. and Wood, L.J., 2007, Deep-water and fluvial sinuous 
channels – characteristics, similarities and dissimilarities, and modes of 
formation. Marine and Petroleum Geology, v. 24, p. 388-405. 
Kolla, V., Bourges, P., Urruty, J.M. and Safa, P., 2001, Evolution of deep-water Tertiary 
sinuous channels offshore Angola (West Africa) and implications for reservoir 
architecture. AAPG Bulletin, v. 85, p. 1373-1405. 
 274 
 
Komar, P.D., 1973, Continuity of turbidity current flow and systematic variations in 
deep-sea channel morphology: Geological Society of America Bulletin, v. 84, 
p. 3329-3338. 
Leeder, M.R., 1999, Sedimentology and Sedimentary Basins; From Turbulence to 
Tectonics, Oxford, UK, Blackwell, p. 483. 
Lewis, K.B., Collot, J.Y. and Lallemand, S.E., 1998, The dammed Hikurangi Trough: 
a channel-fed trench blocked by subducting seamounts and their wake 
avalanches (New Zealand-France GeodyNZ Project): Basin Research, v. 10, p. 
441-468. 
Lewis, K.B. and Pantin, H.M., 2002, Channel axis, overbank and drift sediment 
waves in the southern Hikurangi Trough, New Zealand. Marine Geology, v. 
192, p. 123-151. 
Lopez, M., 2001, Architecture and depositional pattern of the Quaternary deep-sea 
fan of the Amazon: Marine and Petroleum Geology, v. 18, p. 479-486. 
López-Gamundí, O.R. and Rossello, E.A., 1998, Basin-fill evolution and 
paleotectonic patterns along the Samfrau geosyncline: the Sauce Grande 
basin e Ventana foldbelt (Argentina) and Karoo basin e Cape foldbelt (South 
Africa) revisited. Geologische Rundschau v.86, p.819-834. 
MacCauley, R.V. and Hubbard, S.M., 2013, Slope channel sedimentary processes and 
stratigraphic stacking, Cretaceous Tres Pasos Formation, slope system, Chilean 
Patagonia, Marine and Petroleum Geology, v41, p. 146-162.  
Macdonald, H.A., Wynn, R.B., Huvenne, V.A.I., Peakall, J., Masson, D.G., Weaver, 
P.P.E. and McPhail, S.D., 2011, New insights into the morphology, fill, and 
remarkable longevity (> 0.2 m.y.) of modern deep-water erosional scours 
along the northeast Atlantic margin, Geosphere, v. 7, p.845-867. doi: 
10.1130/GES00611.1 
 275 
 
Maier, K.L., Fildani, A., Paull, C.K., Graham, S.A., McHargue, T.R. and D.W. Caress, 
2011, The elusive character of discontinuous deep-water channels: New 
insights from Lucia Chica channel system, offshore California, Geology, v. 39, 
p. 327-330. 
Maier, K.L., Fildani, A., Paull, C.K., McHargue, T.R., Graham, S.A. and Caress, 
D.W., 2013, Deep-sea channel evolution and stratigraphic architecture from 
inception to abandonment from high-resolution Autonomous Underwater 
Vehicle surveys offshore central California: Sedimentology, v. 60, p. 935-960. 
Manley, P.L., Pirmez, C., Busch, W. and Cramp, A., 1997, Grain-size 
characterization of amazon fan deposits and comparison to seismic facies 
units, in: Flood, R.D., Piper, D.J.W., Klaus, A., and Peterson, L.C. eds., 
Proceedings of the Ocean Drilling Program, Scientific Results, v. 155, p. 35-
52. 
Martinsen, O.J., 1989, Styles of soft sediment deformation on a Namurian 
(Carboniferous) delta slope, western Ireland Namurian Basin, Ireland. In 
Whatley, M.K.G. and Pickering, K.T. (eds) Deltas: sites and traps for fossil 
fuels, Geological Society Special Publications, 41, 167-177. 
Mayall, M. and Stewart, I., 2000, The architecture of turbidite slope channels: In P. 
Weimer, R. M. Slatt, J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. J. 
Styzen, and D. T. Lawrence, eds., Global deep-water reservoirs: Gulf Coast 
Section SEPM Foundation 20th Annual Bob F. Perkins Research Conference, p. 
578-586. 
Mayall, M. and O'Byrne, C., 2002, Reservoir prediction and Development Challenges 
in Turbidite slope Channels: In Reservoir Prediction and Development 
Challenges in Turbidite Slope Channels: OTC Conference Proceedings, 
Contribution No. 14029. 
 276 
 
Mayall, M.J., Yeilding, C.A., Oldroyd, J.D., Pulham, A.J. and Sakurai, S., 1992, 
Facies in a shelf-edge delta – an example from the subsurface of the Gulf of 
Mexico, Middle Pleistocene, Mississippi Canyon, Block 109. American 
Association of Petroleum Geologists Bulletin, v. 76, p. 435-448.  
Mayall, M.J, Jones, E. and Casey, M., 2006, Turbidite channel reservoirs—Key 
elements in facies prediction and effective development. Marine and 
Petroleum Geology, v. 23, p. 821–841. 
McGilvery, T. A. and Cook, D. L., 2003, The influence of local gradients on 
accommodation space and linked depositional elements across a stepped 
slope profile, offshore Brunei: In: H. H. Roberts, N. C. Rosen, R. H. Fillon, and 
J. B. Anderson, eds., Shelf Margin Deltas and Linked Down Slope Petroleum 
Systems: Gulf Coast Section SEPM Foundation 23rd Annual Bob F. Perkins 
Research Conference, p. 23–55. 
McHargue, T.R. and Webb, J.E., 1986, Internal geometry, seismic facies, and 
petroleum potential of canyons and inner fan channels of the Indus submarine 
fan. AAPG Bulletin, v. 70, p. 161-180. 
McHargue, T., Pyrcz, M.J., Sullivan, M.D., Clark, J.D., Fildani, A., Romans, B.W., 
Covault, J.A., Levy, M., Posamentier, H.W. and Drinkwater, N.J., 2011, 
Architecture of turbidite channel systems on the continental slope: Patterns 
and predictions: Marine and Petroleum Geology, v. 28, p. 728-743. 
Mellere, D, Plink-Bjorklund, P. and Steel, R., 2002, Anatomy of shelf deltas at the 
edge of a prograding Eocene shelf margin, Spitsbergen. Sedimentology, 49, 
1181-1206. 
Miall, A.D., 1988, Reservoir heterogeneities in fluvial sandstones: lessons from 
outcrop studies. AAPG Bulletin, v. 72, p. 682-697. 
 277 
 
Migeon, S., Savoye, B. and Faugeres, J.-C., 2000, Quaternary development of 
migrating sediment waves in the Var deep-sea fan: distribution, growth 
pattern, and implication for levee evolution: Sedimentary Geology, 133, 265-
293. 
Migeon, S., Savoye, B., Zanella, E., Mulder, T., Faugères, J.C. and Weber, O., 2001, 
Detailed seismic-reflection and sedimentary study of turbidite sediment 
waves on the Var Sedimentary Ridge (SE France): significance for sediment 
transport and deposition and for the mechanisms of sediment-wave 
construction: Marine and Petroleum Geology, v. 18, p. 179-208. 
Migeon, S., Savoye, B., Babonneau, N. and Spy-Anderson, F.-L., 2004, Processes of 
sediment-wave construction along the present Zaire deep-sea meandering 
channel: role of meanders and flow stripping: Journal of Sedimentary 
Research, v. 74, p.580-598. 
Miller, K.G., Kominz, M.A., Browning, J.V., Wright, J.D., Mountain, G.S., Katz, 
M.E., Sugarman, P.J., Cramer, B.S., Christie-Blick, N. and Pekar, S.F., 2005, 
The Phanerozoic Record of Global Sea-Level Change. Science, 310, 1293-1298. 
Moore, J.G. and Mark, R.K., 1986, World slope map. Eos (American Geophysical 
Union Transactions), 67, 1360-1362.  
Morris, E.A., Hodgson, D.M., Flint, S.S. and Brunt, R.L., 2014a, Submarine External 
Levees: origin, anatomy and significance. Sedimentology, v. 61, p. 1734-1763. 
Morris, E.A., Hodgson, D.M., Flint, S.S., Brunt, R.L, Butterworth, P. and Verhaeghe, 
J., 2014b, Sedimentology and architecture of lower slope frontal lobe 
complexes from outcrop and subsurface datasets. Journal of Sedimentary 
Research, v. 84, no. 9, p. 763-780. 
Morris, S.A., Kenyon, N.H., Limonov, A.F. and Alexander, J., 1998, Downstream 
changes of large-scale bedforms in turbidites around the Valencia channel 
 278 
 
mouth, north-west Mediterranean: implications for palaeoflow 
reconstruction: Sedimentology, v. 45, p. 365-377. 
Moscardelli, L. and Wood, L., 2008, New classification system for mass transport 
complexes in offshore Trinidad. Basin Research, 20, 73-98. 
Mutti, E., 1977, Distinctive thin-bedded turbidite facies and related depositional 
environments in the Eocene Hecho Group (South-central Pyrenees, Spain); 
Sedimentology, 24, 107-131. 
Mutti, E. and Normark, W.R., 1987, Comparing examples of modern and ancient 
turbidite systems: problem and concept. In: Marine Clastic Sedimentology. 
Concepts and Case Studies. (Eds Leggett, J.K. and Zuffa, G.G.) Graham and 
Trotman, London, pp. 1–38. 
Mutti, E. and Normark, W.R., 1991, An integrated approach to the study of turbidite 
systems: In Weimer, P., and Link, M.H., eds., Seismic facies and sedimentary 
processes of submarine fans and turbidite systems, New York: Springer-
Verlag, p. 75-106. 
Nakajima, T. and Kneller, B.C., 2013, Quantitative analysis of the geometry of 
submarine levees: Sedimentology, v. 60, p. 877-910. 
Nakajima, T., Satoh, M. and Okamura, Y., 1998, Channel-levee complexes, terminal 
deep-sea fan and sediment wave fields associated with the Toyama Deep-Sea 
Channel system in the Japan Sea. Marine Geology, v. 147, p. 25-41. 
Naruse, H. and Parker, G., 2008, Equilibrium Profile of Submarine Canyons: Theory 
and Inverse Analysis, American Geophysical Union, Fall Meeting 2008, abstract 
#H33C-1027 
Nevin, C.M. and R.E. Sherrill, 1929, Studies in differential compaction, AAPG 
Bulletin, v.13, p.1-22 
 279 
 
Normark, W.R. and Piper, D.J.W., 1991, Initiation Processes and flow evolution of 
Turbidity currents: Implications for the depositional record, SEPM Special 
Publication v. 46, p. 207-230. 
Normark, W.R., Hess, G.R., Stow, D.A.V. and Bowen, A.J., 1980, Sediment waves 
on the Monterey Fan levee: a preliminary physical interpretation: Marine 
Geology, v. 37, p. 1-18. 
Normark, W.R., Damuth, J.E. and the Leg 155 Sedimentology Group, 1997, 
Sedimentary facies and associated depositional elements of the Amazon Fan: 
In: Flood, R.D., Piper, D.J.W., Klaus, A., and Peterson, L.C. (Eds), Proceedings 
of the Ocean Drilling Project, Scientific Results, 155: College Station, TX 
(Ocean Drilling Program), pp. 611-651. 
Normark, W.R., Piper, D.J.W., Posamentier, H.W., Pirmez, C. and Migeon, S., 2002, 
Variability in form and growth of sediment waves on turbidite channel levees: 
Marine Geology, v. 192, p. 23-58. 
Oliveira, C.M.M., Hodgson, D.M. and Flint, S.S., 2011, Distribution of Soft-Sediment 
Deformation Structures in Clinoform Successions of the Permian Ecca Group, 
Karoo Basin, South Africa. Sedimentary Geology, v. 235, p. 314-330 
Peakall, J., McCaffrey, B. and Kneller, B., 2000, A Process Model for the Evolution, 
Morphology, and Architecture of Sinuous Submarine Channels: Journal of 
Sedimentary Research, v. 70, p. 434-448. 
Peakall, J., Amos, K.J., Keevil, G.M., Bradbury, P.W. and Gupta, S., 2007, Flow 
processes and sedimentation in submarine channel bends: Marine and 
Petroleum Geology, v. 24, p. 470-486. 
Pichevin, L., Mulder, T., Savoye, B., Gervais, A., Cremer, M. and Piper, D.J.W., 
2003, The Golo submarine turbidite system (east Corsica margin): 
 280 
 
morhophology and processes of terrace formations from high-resolution 
seismic reflection profiles, Geo-Marine Letters, v. 23, p., 117-124. 
Pickering, K.T. and Corregidor, J., 2000, 3D reservoir-scale study of Eocene 
confined submarine fans, south-central Pyrenees: In P. Weimer, R. M. Slatt, 
J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. J. Styzen, and D. T. 
Lawrence, eds., Global deep-water reservoirs: Gulf Coast Section SEPM 
Foundation 20th Annual Bob F. Perkins Research Conference, p. 35-39. 
Pickering,, K.T. and Corregidor, J., 2005, Mass transport complexes and tectonic 
control on confined basin-floor submarine fans, Middle Eocene, south Spanish 
Pyrenees. In: Hodgson, D.M., Flint, S.S. (Eds.), Submarine Slope Systems, 
Processes and Products: Geological Society of London Special Publications, v. 
244, p. 51-74. 
Piper, D.J.W. and Normark, W.R., 1983, Turbidite depositional patterns and flow 
characterisitcs, Navy Submarine Fan, California Borderland: Sedimentology, 
v. 30, p. 681-694. 
Piper, D.J.W. and Deptuck, M.E., 1997, Fine-grained turbidites of the Amazon fan: 
Facies characterization and interpretation: In Proceedings of the Ocean 
Drilling Programme, Scientific Results, Leg 155. (Eds R.D. Flood, D.J.W. Piper, 
A. Klaus, L.C. Peterson), Ocean Drilling Programme, College Station, TX, p. 
79-108.  
Piper, D.J.W. and Normark, W.R., 1997, Fine-grained turbidites of the Amazon fan: 
Facies characterization and interpretation. In: Proceedings of the Ocean 
Drilling Programme, Scientific Results, Leg 155. (Eds R.D. Flood, D.J.W. Piper, 
A. Klaus, L.C. Peterson), Ocean Drilling Programme, College Station, TX, pp. 
79-108.  
 281 
 
Piper, D.J.W. and Normark, W.R., 2001, Sandy Fans-From Amazon to Hueneme and 
Beyond: AAPG Bulletin, v. 85, p. 1407-1438. 
Piper, D.J.W., Hiscott, R.N. and Normark, W.R., 1999, Outcrop-scale acoustic facies 
analysis and latest Quaternary development of Hueneme and Dume submarine 
fans, offshore California: Sedimentology, v. 46, p. 47-78. 
Pirmez, C. and Flood, R.D., 1995, Morphology and structure of Amazon Channel, in: 
Flood, R.D., Piper, D.J.W., Klaus, A., et al., eds., Proceedings of the Ocean 
Drilling Program, Initial Reports, v. 155, p. 23−45. 
Pirmez, C., Hiscott, R.N. and Kronen, J., J. D., 1997, Sandy turbidite successions 
at the base of channel-levee systems of the Amazon fan revealed by FMS logs 
and cores: Unreveling the facies architecture of large submarine fans: In 
Flood, R. D., Piper, D.J.W., Klaus, A. and Peterson, L. C., eds., Proceedings 
of the Ocean Drilling Program, Scientific Results, v. 155, p. 7-33. 
Pirmez, C. Beaubouef, R.T., Friedmann, S.J. and Mohrig, D.C., 2000, Equilibrium 
profile and base level in submarine channels: Examples from late Pleistocene 
systems and implications for the architecture of deep-water reservoirs, in P. 
Weimer, R.M. Slatt, J. Coleman, N.C. Rosen, H. Nelson, A.H. Bouma, M.J. 
Styzen, and D.T. Laurence, eds., Deep-water reservoirs of the World: Gulf 
Coast Section SEPM 20th Annual Research Conference, p. 782-805 
Plink-Bjorklund, P. and Steel, R., 2002, Sea-level fall below the shelf edge, without 
basin-floor fans. Geology, v. 30, p. 115-118. 
Porebski, S.J. and Steel, R.J., 2003, Shelf-margin deltas: their stratigraphic 
significance and relation to deepwater sands. Earth Science Reviews, v. 62, 
p. 283-326. 
 282 
 
Posamentier, H.W., 2003, Depositional elements associated with a basin floor 
channel-levee system: case study from the Gulf of Mexico: Marine and 
Petroleum Geology, v. 20, p. 677-690. 
Posamentier, H.W. and Kolla, V., 2003, Seismic geomorphology and stratigraphy of 
depositional elements in deep-water settings: Journal of Sedimentary 
Research, v. 73, p. 367-388. 
Posamentier, H.W., Meizarwin, P., Wisman, S. and Plawman, T., 2000, Deep-water 
depositional systems—Ultra deep Makassar Strait, Indonesia: In P. Weimer, R. 
M. Slatt, J. Coleman, N. C. Rosen, H. Nelson, A. H. Bouma, M. J. Styzen, and 
D. T. Lawrence, eds., Global deep-water reservoirs: Gulf Coast Section SEPM 
Foundation 20th Annual Bob F. Perkins Research Conference, p. 806-816. 
Posamentier, H.W., Erskine, R.D. and Mitchum, R.M., JR., 1991, Submarine fan 
deposits in a sequence stratigraphic framework: In Weimer, P., and Link, 
M.H., eds., Seismic Facies And Sedimentary Processes of Submarine Fans and 
Turbidite Systems: New York, Springer-Verlag, p. 127–136. 
Prather, B.E., 2000, Calibration and visualisation of depositional process models for 
above-grade slopes; a case study from the Gulf of Mexico. Marine and 
Petroleum Geology, 17, 419-438. 
Pratson, L.F. and Haxby, W.F., 1996, What is the slope of the U.S. continental slope? 
Geology; v. 24; p. 3-6. 
Prélat, A. and Hodgson, D.M., 2013, The full range of turbidite bed thickness 
patterns in submarine lobes: controls and implications: Journal of the 
Geological Society, London, v. 170, p. 209 –214. 
Prélat, A., Hodgson, D.M. and Flint, S.S., 2009, Evolution, architecture and 
hierarchy of distributary deep-water deposits: a high-resolution outcrop 
 283 
 
investigation from the Permian Karoo Basin, South Africa: Sedimentology, v. 
56, p. 2132-2154. 
Prélat, A., Covault, J.A., Hodgson, D.M., Fildani, A. and Flint, S.S., 2010, Intrinsic 
controls on the range of volumes, morphologies, and dimensions of submarine 
lobes: Sedimentary Geology, v. 232, p. 66-76. 
Pringle, J.K., Brunt, R.L., Hodgson, D.M. and Flint, S.S., 2010, Capturing 
stratigraphic and sedimentological complexity from submarine channel 
complex outcrops to digital 3D models, Karoo Basin, South Africa. Petroleum 
Geoscience, v. 16, p. 307-330. 
Pyles, D.R., 2008, Multiscale stratigraphic analysis of a structurally confined 
submarine fan: Carboniferous Ross Sandstone, Ireland: AAPG Bulletin, v. 92, 
p. 557-587. 
Ravnås, R. and Steel, R.J., 1998, Architecture of marine rift-basin successions. 
American Association of Petroleum Geologists Bulletin, v. 82, p. 110-146. 
Reading, H.G. and Richards, M., 1994, Turbidite systems in deep-water basin 
margings classified by grain size and feeder system, AAPG Bulletin, Vol. 78, 
No. 5, p. 792-822 
Romans, B.W., Fildani, A., Hubbard, S.M., Covault, J.A., Fosdick, J.C. and Graham, 
S.A., 2011, Evolution of deep-water stratigraphic architecture, Magallanes 
Basin, Chile: Marine and Petroleum Geology, v. 28, p. 612-628. 
Ross, W.C., Halliwell, B.A., May, J.A., Watts, D.E. and Syvitsk, J.P.M., 1994, Slope 
readjustment: A new model for the development of submarine fans and 
aprons, Geology, Vol. 22, No. 6, p. 511-514 
 284 
 
Rozman, D.J., 2000, Characterization of a fine-grained outer submarine fan 
deposit, Tanqua-Karoo basin, South Africa. In: A. H. Bouma and C. G. Stone 
(Eds.), Fine-grained turbidite systems, AAPG Memoir, v. 72, p. 291-298. 
Rubidge, B.S., Hancox, P.J. and Catuneanu, O., 2000, Sequence Analysis of the 
Ecca-Beaufort Contact in the Southern Karoo of South Africa. South African 
Journal of Geology, v. 1, p. 81-96. 
Rust, I.C., 1973, The evolution of the Paleozoic Cape basin, southern margin of 
Africa. In: Nairn, A.E.M., Stehli, F.G. (Eds.), The Ocean Basins and Margins, 
vol. 1. Plenum, New York, p. 247–276. 
Rygel, M.C., Fielding, C., Frank, T.D. and Birgenheier, L.P., 2008, The magnitude 
of late Paleozoic glacioeustatic fluctuations: a synthesis. Journal of 
Sedimentary Research v.78, p.500-511. 
Samuel, A., Kneller, B., Raslan, S., Sharp, A. and Parsons, C., 2003, Prolific deep-
marine slope channels of the Nile Delta, Egypt, AAPG Bulletin, vol. 87, No. 4, 
pp. 541-560 
Schwenk, T., Spieß, V., Breitzke, M. and Hübscher, C., 2005, The architecture and 
evolution of the Middle Bengal Fan in vicinity of the active channel–levee 
system imaged by high-resolution seismic data: Marine and Petroleum 
Geology, v. 22, p. 637-656.  
Shepard, F.P. and Dill, R.F., 1966, Submarine Canyons and other Sea Valleys. Rand 
McNally, Chicago, p. 1-381. 
Sixsmith, P.J., 2000. Stratigraphic Development of a Permian Turbidite System on 
a Deforming Basin Floor: Laingsburg Formation, Karoo Basin, South Africa. 
Unpublished Ph.D Thesis, University of Liverpool, 229 pp. 
 285 
 
Sixsmith, P.J., Flint, S.S., Wickens, H.D. and Johnson, S.D., 2004, Anatomy and 
Stratigraphic Development of a Basin Floor Turbidite System in the Laingsburg 
Formation, Main Karoo Basin, South Africa: Journal of Sedimentary Research, 
v. 74, p. 239-254. 
Skene, K.I., Piper, D.J.W. and Hill, P.S., 2002, Quantitative analysis of variations in 
depositional sequence thickness from submarine channel levees: 
Sedimentology, v. 49, p. 1411-1430. 
Sorby, H.C., 1859, On the structure produced by the currents during the deposition 
of stratified rocks: The Geologist, v. 2, p. 137-147. 
Sorby, H.C., 1908, On the Application of Quantitative Methods to the Study of the 
Structure and History of Rocks: Quarterly Journal of the Geological Society, 
v. 64, p. 171-232. 
Sprague, A.R., Sullivan, M.D., Campion, K.M., Jensen, G.N., Goulding, F.J., 
Sickafoose, D.K. and Jennette, D.C., 2002, The physical stratigraphy of deep-
water strata: a hierarchical approach to the analysis of genetically related 
stratigraphic elements for improved reservoir prediction. In: AAPG Annual 
Meeting Abstracts, Houston, Texas, p. 10-13. 
Straub, K.M., Mohrig, D., McElroy, B., Buttles, J. and Pirmez, C., 2008a, 
Interactions between turibidity currents and topography in aggrading sinuous 
submarine channels: A laboratory study: Geological Society of America 
Bulletin, v. 120, p. 368-385. 
Straub, K.M., Mohrig, D. and Buttles, J., 2008b, Turbidity current flow out of 
channels and its contribution to constructing the continental slope: SEG 
Annual Meeting, p. 2767-2771. 
 286 
 
Tankard, A., Welsink, H., Aukes, P., Newton, R. and Stettler, E., 2009, Tectonic 
evolution of the Cape and Karoo basins of South Africa: Marine and Petroleum 
Geology, v. 26, p. 1379-1412. 
Taylor, A.M. and Goldring, R., 1993, Description and analysis of bioturbation and 
ichnofabric: Journal of the Geological Society, v. Vol. 150, p. 141-148. 
Torres, J., Droz, L., Savoye, B., Terentieva, E., Cochonat, P., Kenyon, N.H. and 
Canals, M., 1997, Deep-sea avulsion and morphosedimentary evolution of the 
Rhône Fan Valley and Neofan during the Late Quaternary (north-western 
Mediterranean Sea), Sedimentology, v. 44, p. 457-477. 
Turner, B.R., 1999, Tectonostratigraphical development of the Upper Karoo 
foreland basin: orogenic unloading versus thermally-induced Gondwana 
rifting. Journal of African Earth Sciences v.28, p.215–238. 
Van der Merwe, W.C., Hodgson, D.M. and Flint, S.S., 2009, Widespread syn-
sedimentary deformation on a muddy deep-water basin-floor: The vischkuil 
formation (Permian), Karoo Basin: South Africa: Basin Research, v. 21, p. 389-
406. 
Van der Merwe, W.C., Flint, S.S. and Hodgson, D.M., 2010, Sequence stratigraphy 
of an argillaceous, deepwater basin-plain succession: Vischkuil Formation 
(Permian), Karoo Basin, South Africa: Marine and Petroleum Geology, v. 27, 
p. 321-333. 
Van der Merwe, W.C., Hodgson, D.M., Brunt, R.L. and Flint, S.S. Depositional 
architecture of sand-attached and sand-detached channel-lobe transition 
zones on an exhumed stepped slope mapped over a 2500km2 area. 
Geosphere,v. 10, no. 6, doi:10.1130/GES01035.1 
 287 
 
Van der Werff, W. and Johnson, S.D., 2003, Deep-sea fan pinch-out geometries and 
their relationship to fan architecture, Tanqua-Karoo basin (South Africa): Int. 
Journal of Earth Sciences (Geol. Rundschau), v. 92, p. 728-742. 
Van Lente, B., 2004, Chemostratigraphic trends and provenance of the Permian 
Tanqua and Laingsburg depocentres, South Western Karoo Basin, South Africa. 
Unpublished Ph.D. thesis, University of Stellenbosch, South Africa, p. 339. 
Veevers, J.J., Cole, D.I. and Cowan, E.J., 1994, Southern Africa: Karoo Basin and 
Cape Fold Belt, in Veevers, J.J., and Powell, C.M., eds., Permian-Triassic 
Pangean Basins and fold belts along the Panthalassan Margin of 
Gondwanaland: Geological Society of America Memoir, v. 184, p. 223-279. 
Visser, J.N.J., 1993, Sea-level changes in a back-arc-foreland transition: the late 
Carboniferous-Permian Karoo Basin of South Africa: Sedimentary Geology, v. 
83, p. 115-131. 
Visser, J.N.J. and Praekelt, H.E., 1996, Subduction, mega-shear systems and Late 
Paleozoic basin development of Gondwana. Geologische Rundschau v.86, 
p.632–646. 
Walker, R.G., 1985, Mudstones and thin-bedded turbidites associated with the 
Upper Cretaceous Wheeler Gorge conglomerates, California: a possible 
channel-levee complex: Journal of Sedimentary Petrology, v. 55, p. 279-290. 
Weimer, P., Slatt, R.M., Dromgoole, P., Bowman, M.J.B. and Leonard, A., 2000, 
Developing and managing turbidite reservoirs: Case histories and experiences: 
Results of the 1998 AAPG/EAGE Research Conference: AAPG Bulletin, v. 84, 
p. 453-464. 
Wickens, H.D., 1994, Basin floor fan building turbidites of the southwestern Karoo 
Basin, Permian Ecca Group, South Africa. Unpublished Ph.D. thesis. University 
of Port Elizabeth, pp. 233. 
 288 
 
Wynn, R.B., Piper, D.J.W. and Gee, M.J.R., 2002, Generation and migration of 
coarse-grained sediment waves in turbidity current channels and channel-lobe 
transition zones: Marine Geology, v. 192, p. 59-78. 
Wynn, R.B. and Stow, D.A.V., 2002, Classification and characterisation of deep-
water sediment waves: Marine Geology, v. 192, p. 7-22. 
Wynn, R.B., Cronin, B.T. and Peakall, J., 2007, Sinuous deep-water channels: 
Genesis, geometry and architecture: Marine and Petroleum Geology, v. 24, p. 
341-387. 
 289 
 
Appendix 1: Example of core logging sheet: 
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Appendix 2: Example of a field log: 
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Appendix 3: Core locations 
Bav 1a: Drill site location chosen at a point that would be likely to capture a 
highly channelised portion of unit C2 and the proximal external D 
levee. Location UTM 34H 0474103 6325193 
Bav 2: Chosen as it was suspected to be the approximate location of the 
steepest margin of the unit D slope valley. Location UTM 34H 0474674 
6324820 
Bav 3:  Chosen to capture what was interpreted as the youngest sand rich 
channel axis within the D slope valley. Location UTM 34H 0474790 
6324826 
Bav 4:  Drill site location chosen with a view to capture laterally migrating 
channel bodies and internal levee material within the entrenched 
valley cut. Location UTM 34H 0475197 6324714 
Bav 5: Drill site chosen to with a view to capture laterally migrating channel 
bodies, associated channel margin and internal levee material within 
Unit D. Location UTM 34H 0475644 6324505 
Bav 6:  Chosen to capture the entire stratigraphy of Unit C and the shallow 
margin of the unit D slope valley. Location UTM 34H 0476360 6324145
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Appendix 4: Basic core stratigraphy and 
environments of deposition 
Bav 1a 
Total depth = 270.74 m 
Stratigraphy captured:  Unit D 
    C-D Mudstone 
    Sub-unit C3 
    Upper C Mudstone 
    Sub-unit C2 
    B-C Mudstone 
    Top Unit B 
Bav 1A      
Stratigraphy 
Unit 
Thickness
es 
Depositional 
Environment 
Thickness
es 
Sand 
conten
t (%) 
Net:Gros
s 
Unit B 21.48 External Levee 21.48 40-60 40-60 
B-C Mudstone 49.12 Background 49.12 0 0 
Unit C2 84.91 
Channel axis 46.15 90-95 
72.1-
84.4 
Channel off-axis 16.63 85-90   
Channel Margin 13.93 40-60   
Internal levee 8.2 55   
Upper C 
Mudstone 8.88 
Intra-unit 
Background 8.88 0 0 
Unit C3 15.67 Frontal splay 15.67 81 81 
C-D Mudstone 22.6 Background 22.6 0 0 
Unit D 68.08 Frontal splay 24.84 80 43.6-49 
External levee 18.38 40-60   
Healing/Abandonme
nt 24.86 <10   
Well total sand content = 44% 
Net:gross – Whole core 41.46 – 48.25% 
Net:gross – Unit C2  72.1 – 84.4% 
Net:gross – Unit C3  81% 
Net:gross – Unit D  43.6 – 49%  
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Bav 2 
Total depth = 149.74 m 
Stratigraphy captured:  D-E Mudstone 
Unit D 
    C-D Mudstone 
    Sub-unit C3 (expression) 
    Upper C Mudstone 
    Sub-unit C2 
    B-C Mudstone 
    B-C Interfan 
Stratigraphy 
Unit 
Thicknesse
s 
Depositional 
Environment 
Thicknesse
s 
Sand 
content 
Net:Gros
s 
B-C Interfan 1.67 Intraslope Lobe 1.67 90-95 90-95 
B-C 
Mudstone 44.65 Background 44.65 
0 
0 
Unit C2 52.20 Channel axis 11.38 90-95 63.2-66 
Channel off-axis 3.62 85-90   
Channel Margin 3.95 40-60   
Internal levee 33.25 55   
Upper C 
Mudstone 3.86 
Intra-Unit 
Background 3.86 
0 
0 
Unit C3 0.44 Frontal splay 0.44 15-20 15-20 
C-D 
Mudstone 13.96 Background 13.96 
0 
0 
Unit D 14.02 Deformed inner 
external levee 1.83 
70-80 
46.7-55.2 
Abandonment 12.19 25-30   
D-E 
Mudstone 
18.94 Background 18.94 0 0 
Well sand content = 19% 
Net:gross – Whole core 27.32 – 29.02% 
Net:gross – Unit C2  63.2 – 66% 
Net:gross – Unit C3  15 – 20% 
Net:gross – Unit D  46.7 – 55.2%  
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Bav 3 
Total depth = 170.72 m 
Stratigraphy captured:  D-E Mudstone 
Unit D 
    B-C Mudstone 
    B-C Interfan 
Stratigraphy 
Unit 
Thicknesse
s 
Depositional 
Environment 
Thicknesses 
Sand 
content 
Net:Gros
s 
B-C Interfan 1.09 Intraslope Lobe 1.09 90-95% 90-95% 
B-C 
Mudstone 40.35 Background 40.96 
0% 
0% 
Unit D 77.88 
Channel axis 14.83 
90-95% 
47.25-
54.5% 
Channel off-axis 12.42 85-90%   
Channel Margin 4.76 40-60%   
Distal, silty 
internal levee 20.59 
10-20% 
  
Sandstone rich off-
axis channel slump 8.2 
85-95% 
  
Mudstone rich 
channel margin 
slump 1.3 
0% 
  
Mudstone rich 
channel fill 5.4 
0% 
  
Abandonment 10.38 25-30%   
D-E 
Mudstone 
50.81 Background 50.81 0% 0% 
Well sand content = 21.1% 
Net:gross – Whole core 22.81 – 26.25% 
Net:gross – Unit D  47.25 – 54.25% 
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Bav 4 
Total depth = 224.97 m 
Stratigraphy captured:  D-E Mudstone 
Unit D 
    B-C Mudstone 
    B-C Interfan 
Stratigraphy 
Unit 
Thicknesse
s 
Depositional 
Environment 
Thicknesse
s 
Sand 
conten
t 
Net:Gross 
B-C Interfan 0.73 Intraslope Lobe 0.73 90-95% 90-95% 
B-C 
Mudstone 46.07 Background 46.07 
0% 
0% 
Unit D 85.8 
Channel axis 13.33 
90-95% 
45.17-
52.71% 
Channel off-axis 8.63 85-90%   
Channel Margin 13.77 40-60%   
Internal levee 16.07 55-60%   
Sandstone rich off-
axis channel slump 2.25 
85-95% 
  
Mudstone rich 
channel fill 19.1 
<5% 
  
Abandonment 12.65 25-30%   
D-E 
Mudstone 
95.35 Background 95.35 0% 0% 
Well sand content = 27.11% 
Net:gross – Whole core 17.29 – 20.14% 
Net:gross – Unit D  45.17 – 54.71% 
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Bav 5 
Total depth = 213 m 
Stratigraphy captured:  D-E Mudstone 
Unit D 
    B-C Mudstone 
    B-C Interfan 
Well sand content = 11.59% 
Net:gross – Whole core 15.69 – 19.13% 
Net:gross – Unit D  35.84 – 44.08% 
 
  
Stratigraphy 
Unit 
Thicknesse
s 
Depositional 
Environment 
Thicknesse
s 
Sand 
content 
Net:Gros
s 
B-C Interfan 1.94 Intraslope Lobe 1.94 90-95% 90-95% 
Injectites 0.6 Injected sandstone 0.6 90-100% 90-100% 
B-C 
Mudstone 52.23 Background 52.23 
0% 
0% 
Unit D 86.55 
Channel axis 11.63 
90-95% 
35.84-
44.08% 
Channel Margin 9.2 40-60%   
Internal levee 5.23 55-60%   
Distal, silty internal 
levee 25.32 
15-25% 
  
Confined/Ponded 
lobe 19.1 
45-55% 
  
Abandonment (Silt 
and mud couplets) 16.07 
<10% 
  
D-E 
Mudstone 
70.92 Background 70.92 0% 0% 
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Bav 6 
Total depth = 147 m 
Stratigraphy Captured: Unit D 
    C-D Mudstone 
    Sub-unit C3 
    Upper C Mudstone 
    Sub-unit C2 
    Lower C Mudstone 
    Sub-unit C2 
    B-C Mudstone 
    B-C Interfan 
Stratigraphy 
Unit 
Thicknesse
s 
Depositional 
Environment 
Thicknesse
s 
Sand 
content 
Net:Gross 
B-C Interfan 1.44 Intraslope lobe 1.44 85% 85% 
Injectite 0.53 Injected sandstone 0.53 100% 100% 
B-C Mudstone 53.35 Background 53.35 0% 0% 
Unit C1 6.55 Frontal splay 6.55 99% 99% 
Lower C Shale 2.19 Intra-unit 
Background 2.19 0% 0% 
Unit C2 21.47 External levee 21.47 36% 36% 
Upper C 
Mudstone 6.92 
Intra-unit 
Background 6.92 0% 0% 
Unit C3 1.39 Frontal splay 1.39 37% 37% 
C-D Mudstone 12.79 Background 12.79 0% 0% 
Unit D 41.16 Distal, silty 
internal levee 30.04 8% 8% 
Healing/Abandonm
ent 11.12 4% 4% 
Well sand content = 12.79% 
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Appendix 5: 
Appendix 5a: Well Bav 1A 
Location UTM 34H 0474103 6325193 
 Total depth of 270 m and has been fully split with one-half lapped. 
 62 boxes in total (55x5 m and 7x2 m lengths of core in each box). 
The core has been placed in 55, 1 m long core boxes with a 5-stick width and 7, 1 
m long core boxes with a 2-stick width. 
Generalised stratigraphy: 
Unit Depth (metres) Thickness 
(metres) 
Sub-environment 
Unit B 270.04 – 249.44 20.60 Channel Margin 
BC mud 249.44 – 201.82 47.62 Background 
Unit C2 201.82 – 117.69 84.13 Axial sands, channel margin and internal 
levee 
Upper C 
mud 
117.69 – 109.92 7.77 Background 
Unit C3 109.92 – 94.50 15.42 Frontal lobe 
C-D mud 94.50 – 71.92 22.58 Background 
Unit D 71.92 – 25.96 45.96 Proximal external levee 
Zebras 25.96 – 0.00 25.96 Abandonment 
Table 5a.1: shows the general stratigraphy of core Bav 1A, the box numbers refer to the 55, 1 m long 
core boxes with a 5-stick width and seven, 1 m long core boxes with a 2-stick width that the core has 
been placed in for storage. The core photograph numbers refer to the 77, 1 m long core boxes with a 
4-stick width that the core was placed in for photographing. 
 
Figure 5a.1: Figure is a crop of the SLOPE 2 C-D Ridge panel showing the location of Bav 1A.  
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Figure 5a.2: Bav 1A core log with generalised stratigraphy 
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Brief down-hole description of BAV 1A 
270.04 – 244.08 m 
Thinly interbedded coarse, medium and fine-grained siltstone with and mudstone 
drapes (the siltstone and mudstone couplets in deepwater facies section). The 
coarser siltstone beds are <1-5 cm thick, becoming finer grained and thinner bedded 
up through the succession with the mudstone drapes occurring at increasingly more 
frequent intervals. Beds in the upper 10 m of this facies are structureless whilst 
below this planar lamination is the dominant sedimentary structure. This is the 
upper part of Unit D of the Fort Brown Formation. 
244.08 – 224.72 m 
Bedded very coarse siltstone and very fine sandstone (~30%) – almost homogenous 
grain-size, beds are 10-30 cm thick (often difficult to determine bed boundaries). 
Many beds fine in grain-size upwards from VFS to VCSi. Concave and convex up 
laminae (part of a large sigmoidal shaped bedform) are prominent throughout 
although becoming more planar up through the succession. Mudstone drapes are 
rare; however, they too increase in abundance throughout the 26.60 m. Current 
ripple lamination is uncommon. This is the upper part of Unit D of the Fort Brown 
Formation. 
224.72 – 198.12 m 
From 228.20 m, the bedded very coarse siltstone and very fine sandstone facies 
described above becomes richer in current ripple lamination, some climbing ripple 
lamination and stoss-side preserved ripple lamination. The concave and convex up 
laminae (also described above) are more defined and are the dominant sedimentary 
structure throughout this succession. This section of Unit D is more sandstone rich 
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(~60%) with fewer mudstone drapes. Erosion surfaces are uncommon. This is the 
lower part of Unit D of the Fort Brown Formation in BAV 1A. 
198.12 – 175.54 m 
Black to dark grey fine-grained unit. This section of the core is rich in beds of 
mudstone, fine, medium and coarse siltstone with one 10 cm thick claystone bed. 
The coarser siltstone beds occur in <1cm thick beds/laminae whereas the finer 
grained components occur in beds 1-20 cm thick. This unit of mudstone is the Unit 
C-D mudstone of the Fort Brown Formation. 
175.54 – 160.12 m 
Top contact of this section is very sharp and abrupt, fine sandstone – mudstone, 20 
cm thick with mud clasts. Most of this segment of the core is very fine-grained 
sandstone rich (~60%), similar to the facies described in the core interval 228.20-
201.60 m (basal Unit D). Bed thickness (~5-20 cm) is difficult to determine due to 
the homogeneity of the grain-size (slight differences between VFS and VCSi) and 
the aggradational nature of the deposit. Ripple laminae is abundant with current 
ripple lamination, stoss-side preserved ripple lamination and low-angle climbing 
ripple lamination occurring locally. Current directions are predominantly 
unidirectional. Few mudstone drapes. Erosion surfaces are uncommon. Deposition 
at a high sedimentation rate is the dominant process in this unit. No soft 
deformation present. The lowermost metre of this unit is thin-bedded, with cm-
thick current ripple laminated VFS beds, planar laminated siltstone beds and an 
abundance of mudstone drapes (with associated bioturbation), this is similar to the 
facies observed in core interval 93.5-95.2 m of BAV 6. This section is equivalent to 
Sub-unit C3 of the Fort Brown Formation and has been interpreted as part of a 
frontal splay/lobe deposit. 
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160.12 – 152.35 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This section is 
the Upper C mudstone, dividing Sub-units C2 and C3 of the Fort Brown Formation. 
152.35 – 147.15 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, beds are 1-5 cm thick. The unit is fine grained and thinly bedded. 
The sandstone beds have current ripple lamination and stoss-side preserved ripple 
laminae, in some instances, bioturbation has distorted the ripple laminae. 
Palaeocurrents are primarily unidirectional. Bioturbation intensity increases up 
through this section of the core, which is equivalent to the upper part of Sub-unit 
C2. In this core, C2 is 84.13 m thick (152.35.20-68.22 m). 
147.15 – 123.25 m 
Mostly massive, thick-bedded fine grained sandstone (FS). Beds are 5-170 cm thick, 
many of which fine to very fine sandstone (VFS). Where graded to VFS, planar 
laminations are common and ripple lamination occurs locally. Most bed contacts are 
amalgamated although several loaded and erosion surfaces are present. Mud clasts 
are distributed throughout many beds, although, they have a tendency to occur 
towards the bases of beds. Water escape structures, flame and dish structures are 
present in many fine sandstone beds. 
123.25 – 119.20 m 
Thinly bedded heterolithics of very fine sandstone (VFS) and coarse siltstone (CSi), 
beds are 1-10 cm thick (35-40% sandstone). Many of the beds fine upwards in grain-
size from VFS to CSi. The beds are mostly massive although planar laminations are 
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prevalent and current ripple lamination is uncommon. Bed bases are commonly 
loaded. 
119.20 – 68.22 m 
This section of the core is rich in fine grained sandstone sections, many of which 
are abundant in mud clasts and finer grained sections – channel axis and channel 
margin material. The coarser grained sections are 10-200 cm thick, many of which 
are massive, grade upward to VFS and are rich in water escape structures, flame 
and dish structures. Many bed bases are loaded or amalgamated. Some planar 
lamination is present in localised areas. The mud clasts dispersed throughout this 
unit vary in size and composition, most are several centimetres thick and become 
sandier in composition stratigraphically upwards. The finer grained sections are 40-
300 cm thick interbedded very fine sandstone (many graded to CSi) and coarse 
siltstone beds 1-15 cm thick (35-40% sandstone). Planar lamination is prevalent 
throughout the finer grained sections, and current ripple lamination is present in a 
few beds. One notable exception of the finer grained sections is 5m thick and much 
finer in grain-size. This exception is found in the lower 6 metres of this unit and is 
dominated by fine grained siltstone, medium siltstone with some very fine 
sandstone (heavily deformed and dewatered). This finer grained unit is folded and 
distorted. Beds are 1-5 cm thick, many of the coarser grained beds have loaded 
bases and current ripple laminae are prevalent in the VFS beds. A final 70 cm thick 
fine sandstone bed containing abundant mud clasts, many over 5 cm in diameter 
overlies the 5 m thick deformed fine-grained section, this mud clast rich sandstone 
the basal contact of Sub-unit C2 
68.22 – 20.60 m 
Black to dark grey fine-grained unit includes beds of mudstone, fine siltstone, 
medium siltstone, coarse siltstone and claystone. The coarser siltstone beds occur 
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in <1cm thick beds/laminae whereas the finer grained components occur in beds 1-
20 cm thick. Claystone beds are 1-100 cm thick and contribute ~3 m to the thickness 
of this section of the core. This unit is equivalent to the Unit B-C mudstone of the 
Fort Brown Formation. 
20.60 – 0.00 m 
The last 21.45 m of BAV 1A, is interbedded heterolithics of VFS, VCSi, CSi, FSi and 
mudstone drapes. Beds are 1-10 cm thick. Many of the coarser beds are graded to 
VCSi. Planar lamination is the dominant sedimentary structures although wavy 
lamination, current ripple lamination, climbing ripple lamination and stoss-side 
preserved ripple lamination are all present locally. Several erosion surfaces are 
dispersed throughout. Bioturbation is often associated with the mudstone drapes. 
Mudstone drapes give way to <1 cm thick FSi beds in the upper 4.5 m of the section. 
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Generalised Description: 
Bav 1a: General Unit and Facies Descriptions: 
Unit B 
Core interval:  270.04-249.44 m   Total thickness:  20.6 m 
The uppermost 20 m of thin-bedded sandstone and siltstone of Unit B is present in 
the basal section of Bav 1A (Unit B is usually 120 m thick at outcrop in this area). 
Average bed thickness is 3.5 cm. The unit comprises rhythmically bedded very fine 
sandstone (VFS), siltstone and mud drapes. The unit comprises 50% VFS, 40% CSi and 
10% mud drapes and fine silt. Grain size variation between sandstone and siltstone 
is slight, therefore, it can be difficult to quantify the volume of sandstone versus 
siltstone, subtle colour changes and sedimentary structures are used to help enable 
this differentiation, however it has to be noted that colour is not the most reliable 
grain size proxy in this core due to the effects of diagenesis. Bed thickness and 
grain-size in this core interval has an overall pattern of fining and thinning upwards 
pattern. From 255.69 m, the facies becomes finer grained – towards very coarse silt 
(VCSi). Throughout this upper section of unit B, mud drapes with associated 
bioturbation (1/2 – some areas of more intense bioturbation present) are prevalent 
with an approximate spacing of 1-8 cm. A few erosion surfaces are present 
throughout and bed dip changes above erosional contacts are common. 
Structures present in thicker bedded VFS beds include:  
 Low angle climbing ripple lamination 
 dm scale current ripple laminae (high sedimentation rate is inferred due to 
the presence of some small deformation in ripple foresets – ripple scale 
dewatering) 
 Aggradational stoss side preserved ripple lamination 
 Concave up aggradational laminae (dune scale cross lamination?) 
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 Multiple cosets of current ripple lamination 
 Sand defined ripple crest lamination, 
 Incomplete ripple lamination 
 Wavy laminae 
 Planar laminated VFS (also present in CSi). 
Overall, it is a sand rich unit with ripple lamination (mostly unidirectional), little 
bioturbation and a mud layer draping each bed.  
Interpretation 
The prevalence of sand in this unit is interesting as it suggests that a conduit for 
sand may have been active nearby. These deposits are not likely to be part of the 
main channel axis as the variability and number of structures in the sandstone 
suggests flow complexity and the volume of siltstone suggest that flows are escaping 
semi-confinement. However, it could be part of an active channel belt, either as 
part of an internal levee or channel margin. The lack of slumps and deformation 
suggests that it is not likely to be a channel margin deposit, however, the presence 
of many erosion surfaces with associated bed dip changes in overlying sediments 
indicate that a channel margin environment of deposition (EoD) is possible. 
*The presence mud drapes could indicate one of two things. Either a hiatus in 
sedimentation, or, it could be the uppermost part of a turbidite event – Te beds. Do 
these thin mud deposits suggest that there is more time between events or are they 
semi-continuous? 
BC mudstone 
Core interval:  249.44 – 201.82 m  Total thickness: 47.62 m 
The mudstone unit consists of interbedded claystone, mudstone, fine siltstone (FSi) 
and occasionally very thin beds of coarse siltstone (CSi). 
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Interpretation 
Throughout the entire 47.62 m there is only 8.11 m of claystone. This implies that 
the system rarely shuts off completely, the abundance of siltstone material present 
suggests that a conduit for sediment was still active somewhere in the basin during 
this time. This also implies that the mudstone thicknesses cannot be used to 
correlate with confidence over large distances 
Unit C2 
Core interval:  201.82 – 117.69 m  Total thickness: 84.13 m 
In C2, four main facies have been identified: 
 Massive fine sands (51%) 
 Massive fine sands with mud clasts (15%) 
 Thin bedded sandstone and siltstone – sandstone dominated (14%) 
 Thin bedded sandstone and siltstone – siltstone dominated (20%) 
Thick-bedded fine sandstone 
Thick-bedded fine sandstone is the dominant facies in this section through subunit 
C2. Bed thicknesses are in the range of 10 cm to over 2 m, more commonly thicker 
than 30 cm. Erosive and loaded basal contacts are common; however, amalgamated 
contacts are most prevalent. Amalgamated contacts between the sand beds can be 
difficult to identify unless there is an obvious grain size or colour change across the 
contact – colour is least reliable due to diagenetic effects. Generally structureless, 
however, some rare instances of planar and current ripple lamination is observed 
and several thicker beds contain abundant water escape structures; commonly 
flame and dish structures. There is a general trend of individual beds grading 
upwards, however, at least one inversely graded LFS-UFS interval has been 
observed. Small zones of bioturbation (3/4) present in places. Also important to 
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note is the presence of fractures and quartz veining in abundance throughout the 
coarser sandstone beds. 
Fine sandstone with mudclast intervals 
Usually massive fine sandstone units, thicknesses range from 25-70 cm and can 
reach up to 1.2 m. The facies is rich in mud clasts, they average between <1-4 cm 
in diameter, although, some are ~20 cm in diameter. Many of the mud clast rich 
horizons are a “slurry” of muddy sandstone – sandstone unit rich in mm sized mud 
lathes. These horizons are typically 1-5 cm thick and are not common. Some small 
zones of bioturbation (1/2) are recognised in this facies. The clast-rich zone is 
generally preserved at/near the base of sand units, and the clasts themselves 
become sandier in composition up through the succession. 
Thin-bedded sandstone and siltstone – siltstone dominated 
The thickest siltstone dominated section of interbedded sandstone and siltstone 
occurs towards the base of C2. It is 5.24 m thick, comprised of fine (FSi), medium 
(MSi) and coarse (CSi) siltstone interbedded with mudstone and rare VFS beds (2-5 
cm thick, graded). There is an overall coarsening upwards trend.  
The above is not typical of the other siltstone dominated interbedded sections 
observed; they are usually rich in CSi and VFS, with graded beds of VFS up to 30 cm 
thick. Soft sedimentary deformation is present throughout the interbedded (both 
sandstone and siltstone dominated) packages and is associated with the fine sand 
dominated facies described above. This deformation includes folding and slumping 
of the packages, which often contain small mud clasts and mud lathes. 
The few VFS beds found within this siltstone-dominated unit are 1-30 cm thick. The 
thicker bedded VFS beds tend to grade towards CSi. The VFS beds usually have 
loaded bases and can be rich in current ripple lamination whilst some have stoss 
side preserved ripple laminae. The graded beds often resemble true Bouma 
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turbidite sequences. There are a few erosion surfaces and some are associated with 
bed dip changes above. 
The upper 2.86 m of subunit C2 in Bav 1A is also siltstone-dominated interbedded 
VFS and CSi. In this section of C2, the grain-size is predominantly VCSi interbedded 
with mudstone drapes bioturbation (1/2), and VFS. The VFS beds are 1-3 cm thick 
with one 8 cm thick bed present. Sedimentary structures present in the sandstone 
beds include; current ripple lamination, stoss side preserved ripple lamination, 
wavy lamination and planar lamination. This part of the unit is very obviously 
thinning and fining upwards as the dominant grain-size tends towards FSi and 
mudstone at the top of subunit C2 as the deposition of the Upper C mudstone 
occurs. 
Thin-bedded sandstone and siltstone – sandstone dominated 
This facies is generally found in packages 0.45-1.27 m thick between well depths 
192.69-135.26 m. One exception 8 m (126.3-118.3 m) thick is found above the final 
massive fine sand deposit in subunit C2 and will be described separately. Sandstone 
dominated thin beds of sandstone and siltstone packages are mostly VFS beds 5-40 
cm thick. The beds are often graded – VFS to CSi (resembling true Bouma sequence 
turbidites), and many are massive. Sedimentary structures within the VFS beds 
include wavy, aggradational laminae, current ripple laminae, planar laminae, 
multiple cosets of ripple lamination, planar laminae, climbing ripple laminae, stoss 
side preserved ripple laminae and some are massive. The CSi is generally planar 
laminated. Mud clasts (1-2 cm in diameter) are found in several of the VFS beds, as 
well as some colour banded muddy and clean sandstone – muddy sandstone is a 
slurry of sand grains and mud lathes. Basal contacts of the graded beds are often 
loaded – some significantly, as the sand displaces into the finer grained silts below. 
Other bed contacts are erosion surfaces and in the thicker VFS beds amalgamated 
contacts are observed. Some small areas of distorted interbedded sands and silts 
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(mostly folded) are present. Water escape structures are present, usually as flame 
structures in association with loaded bed bases. 
Upper C2 
From 126.3 – 118.3 m, the succession comprises VFS, mud drapes and VCSi, some 
VFS beds contain ripple laminae preserving multiple palaeocurrent directions. Beds 
are 1.20 cm thick, becoming thinner bedded and finer grained up through the 
succession. Mud drapes are present at a spacing of <1cm-20 cm apart and become 
more numerous upwards, they are also associated with bioturbation (1/2-some 
areas of increased intensity). Many of the VFS beds grade towards VC/CSi and planar 
lamination is the most prevalent sedimentary structure, especially in the finer 
grained factions. Sedimentary structures present within the VFS beds include; 
aggradational concave up laminae, wavy laminae, planar laminae, current ripple 
laminae (many examples showing multidirectional palaeoflows), stoss side 
preserved ripple laminae, and low-angle climbing ripple laminae. Some beds have 
loaded bases and no erosion surfaces are observed. The occurrence of all types of 
ripple laminae diminishes up through the succession. 
Interpretation: 
Interpretation is based on the facies associations of the four main facies observed 
in subunit C2;  
 massive fine sands (51%),  
 massive fine sands with mud clasts (15%),  
 thin bedded sandstone and siltstone – sandstone dominated (14%)  
 and thin bedded sandstone and siltstone – siltstone dominated (20%).  
Three main environments of deposition are hypothesized; Channel axis, channel 
margin and proximal internal levee. The basal sand and mudclasts found at 201.82 
– 200.41 m, could represent the B/C interfan – a thin unit (~1 m thick observed at 
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outcrop) that is used as a lower datum to correlate between field and core logs. 
However, in the other 5 cores the B/C interfan does not have an abundance of 
mudclasts, and indeed, at outcrop in this area there are few mudclasts within the 
B/C interfan. It is therefore more likely that this sand and mud rich deposit is the 
basal C2 contact that has incised down into the mudstone below and has removed 
the B/C interfan at this locality. The amount of incision (~30 m of stratigraphy 
between the B/C interfan and the base of C2 elsewhere in the basin) and the mud 
clast rich deposit suggest a basal channelised environment of deposition. The 
deformed interbedded sandstone and siltstone (siltstone dominated) unit overlying 
the initial sandstone is interpreted as channel margin material – due to the presence 
of deformation, the facies association and the presence of unidirectional 
palaeoflow structures. The thin bedded sandstone and siltstone deposits distributed 
throughout the channelised sandstones are interpreted as channel margin due to 
the abundance of ‘true Bouma turbidite beds’, lots of loaded bases, bed dip changes 
above erosion surfaces, deformation and unidirectionality of palaeoflow indicators. 
The abundance of FS and the occurrence of several mudclast rich horizons 
throughout the whole of subunit C2 in Bav 1A suggest multiple erosion cuts of 
stacked channels. The massive sandstone beds are interpreted as channel axis 
deposits and the associated thin beds (both sandstone and siltstone dominated) are 
interpreted as channel margin. The variability of sand stone and siltstone content 
is most likely due to the proximity to the active channel, as well as the calibre of 
the sediment moving through the channel at the time of its formation. The total 
thickness of channelised C2 is 201.82-126.4 m (total of 75.42 m). 
The upper 8.71 m of subunit C2 is interpreted to have been deposited as part of an 
internal levee. This is due to the presence of mud drapes, multidirectional current 
ripple laminae, high energy deposits (many different types of ripples), 
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aggradational laminae, abundance of sand beds, loaded bases, lack of erosion 
surfaces and a significant lack of deformation. 
SUMMARY: 
Stratified – mud clast rich to amalgamated sand becoming stratified upwards – 
packages on the order of 1-4 m thick. Overall fining upwards package. Clasts 
preserved at the base of sand units become sandier in composition up through the 
succession. Bed thicknesses vary throughout the whole of channelised C2. Planar, 
current ripple and climbing ripple laminae occur locally. Some distortion due to 
slumping and dewatering. A few mud drapes are present although they are not 
generally associated with bioturbation. Bioturbation is concentrated in particular 
areas – extremely variable in character. Thin-bedded and distorted fine-grained 
units throughout the channelised portion of subunit C2 are likely to be channel 
margin – facies association, dip changes above erosion surfaces and fining upwards 
packages. The facies has mud drapes distributed throughout with associated 
bioturbation (~2/3). Few erosion surfaces are present within the sands, ripple 
lamination appears to have a unidirectional palaeoflow direction, and some minor 
deformation. 
The upper 8.71 m of thinly bedded sandstone and siltstone is interpreted as internal 
levee due to the presence of multidirectional current ripple laminae, and the high-
energy characteristics of the deposits (many different types of ripples) and 
aggradational laminae, also, the significant lack of deformation suggests an internal 
levee environment rather than a channel margin environment of deposition. Beds 
are predominantly 1-5 cm thick. The unit fines and thins upwards. Mud drapes are 
present throughout. Bioturbation intensity increases upwards. 
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Upper C mudstone 
Core interval:  117.69 – 109.92 m  Total thickness:  7.77 m 
The mudstone unit consists of interbedded mudstone, fine siltstone (FSi), medium 
siltstone (MSi), very coarse siltstone (VCSi), coarse siltstone (CSi), volcanic ash and 
concretions. 
Interpretation 
This is the Lower C mudstone and it is one of the intra-unit mudstones in the Unit 
C composite sequence. This mudstone can be followed and correlated throughout 
the field area.  
Subunit C3 
Core interval:  109.92-94.50 m  Total thickness: 15.42 m 
C3 is predominantly depositional, it has few erosion surfaces, it is VFS rich (80-90%) 
and the facies is very similar to the sandstone rich basal 25 m of unit D in Bav 1A. 
The basal contact is gradational whilst the top contact is very sharp and abrupt – 
sandstone to mudstone.  
The lowermost metre of subunit C3 is thin-bedded sandstone and siltstone, with an 
abundance of mud drapes, cm thick ripple laminated VFS, planar laminated 
siltstone and some bioturbation (2/3). Above this is an abrupt change to a very 
sandstone rich facies where bed thickness (~5-20 cm) is hard to determine due to 
the aggradational nature of the unit and the difficulty in determining grain size. 
Abundant climbing ripple laminae (low-angle ~10°) and current ripple laminae, 
some with stoss side preservation occur locally. Current directions tend to be 
unidirectional. There are very few mud drapes and some associated bioturbation 
(1/2). The dominant sedimentary structure present in subunit C3 is aggradational 
concave and convex up laminae, this is also prevalent in unit D of Bav 1A. At 
 315 
 
outcrop, these laminae are part of a large (10-40 cm, bed scale) aggradational 
bedform, described as sigmoidal bedforms. Few erosion surfaces are present. No 
soft sedimentary deformation in the unit. 
Interpretation 
The highly aggradational nature and seemingly unidirectional current laminations 
present in subunit C3 suggests that large volumes of sediment were overspilling 
from a conduit, and depositing rapidly. The lack of major erosive contacts suggest 
that events of this nature were continuous rather than sporadic as the dominant 
process operating on and within this unit was deposition with a high sedimentation 
rate. However, the presence of mud drapes can be used to counterargument to this 
– however, it is possible that the mud faction may represent the uppermost deposit 
from a single turbidite event rather than a hiatus in sedimentation, (suggesting 
continuous events). The environment of deposition has been interpreted as part of 
a frontal splay/lobe deposit using field evidence on both the northern and southern 
limbs of the Baviaans syncline; sub-unit C3 has a depositional geometry and 
architecture. 
Unit C – Unit D mudstone 
Core interval:  94.50 – 71.92 m  Total thickness:  22.58 m 
The mudstone unit consists of interbedded mudstone, fine siltstone (FSi), medium 
siltstone (MSi), coarse siltstone (CSi), very fine sand (VFS), volcanic ash and 
concretions. 
Interpretation 
Throughout the entire 22.58 m of the mudstone there is 16 cm of claystone. The 
abundance of siltstone material present suggests that a conduit for sediment was 
still active somewhere in the basin during this time. This also implies that the 
mudstone thicknesses cannot be used to correlate with confidence over large 
 316 
 
distances. More siltstone is found throughout the mudstones higher in the 
stratigraphy. 
Unit D 
Core interval:  71.92-25.96 m   Total thickness: 45.96 m 
Unit D is predominantly depositional, although it has several erosion surfaces 
dispersed throughout its 45 m thickness (70 m if the ‘Zebras’ are considered part 
of unit D), 80-90% of it is in the CSi-VFS grain-size bracket, some muddy sandstone 
is present and the lower 20 m is very similar to subunit C3 in Bav 1A. The dominant 
sedimentary structure present throughout Unit D is aggradational concave-convex 
through parallel laminae. The basal contact is sharp above the C-D mudstone (FSi-
VFS) and the unit fines in grain-size stratigraphically. In the lowermost 20 m of unit 
D, bed thickness ranges from 1-30 cm and comprises 50% VFS, many of the beds are 
graded from VFS-VCSi. Sedimentary structures include; current ripple laminae 
(hinting towards varying palaeoflow directions), planar laminae, low angle 
lamination, aggradational laminae (concave-convex up laminae through parallel 
laminae, often steepens upwards), stoss side preserved ripple laminae, multiple 
cosets of ripple laminae, dm scale ripple laminae, laminae onlapping erosion 
surfaces and climbing ripple sets. There are 25 erosion surfaces, although the 
abundance decreases as spacing between erosion surfaces increases up through the 
unit. There is an increasing abundance of mud drapes (and associated bioturbation 
(2/3)) up through the unit, whilst the frequency of ripple lamination decreases. 
Overlying this lower 20 m the facies becomes finer grained, bed thickness is harder 
to determine due to the aggradational nature of the unit and it is increasingly 
difficult to determine grain size. Ripple lamination – current and climbing occurs at 
less frequent intervals up through the unit. From 41.40-25.96 m there is an 
increasing amount of finer grained siltstone. Aggradational bedforms are still 
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observed however the unit is becoming thinner bedded, more planar laminated and 
much finer grained (~5-10% VFS). The frequency of mud drapes continues to 
increase becoming very regular in occurrence above 25.96 m. 
SUMMARY: 
Unit D in Bav 1A is characteristically rich in large (dm-scale) aggradational bedforms 
throughout – convex and concave up laminae. Several erosion surfaces are present, 
however frequency diminishes throughout the unit, the dominant process in this is 
deposition with a high sedimentation rate. No soft sedimentary deformation in the 
unit. 
Interpretation 
The highly aggradational nature and apparent unidirectional current laminations 
present in Unit D suggest that large volumes of sediment were overspilling from 
confinement, and depositing rapidly. Several erosion surfaces are present 
throughout the lower 30 m of the unit, however they diminish in frequency above 
this. Using field evidence from laterally extensive well exposed outcrops, Unit D in 
this area is interpreted as an external levee deposit. The proximity to a large slope 
valley suggests that unit D in Bav 1A is likely to represent part of a proximal external 
levee section. The basal 20-25 m of unit D in Bav 1A is very similar to subunit C3 (as 
described above), and this suggests that lower levee successions have different 
growth mechanisms compared to already established levees cut by a channel. The 
upper succession of the D levee in Bav 1A is silt rich and whilst it still contains the 
characteristic large scale aggradational bedforms, this could be a result of the 
channel beginning to backfill and the waning of intensity of the flows coming 
through the conduit. 
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Zebras 
Core interval:  25.96-0.00 m   Total thickness:  25.96 m 
The ‘zebra’ unit consists of interbedded fine, medium, coarse and very coarse 
siltstone with mm thick mudstone drapes. The term zebra refers to a rhythmically 
bedded unit of M/FSi that is interbedded with mud drapes on a less than 1cm scale. 
They are very repetitive and the zone has been identified in two of the other wells 
(Bav 5 and Bav 6). 
Interpretation 
The presence of this facies on the periphery of the D-aged slope valley (Bav 1A, 5 
and 6) suggests that this facies is likely to be associated with the healing of the 
channel. Stratigraphically it occurs at the same level as deformed and bioturbated 
mudstones and siltstones in Bav 2, 3 and 4 (present within the central area of the 
slope valley), it is possible that the deformed package of slumped material removed 
the p  
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Appendix 5b: Well Bav 2 
Location UTM 34H 0474674 6324820 
 Total depth of 149.74m and has been fully split with one-half lapped. 
 40 boxes in total (36x4m and 4x2m lengths of core in each box). 
The core has been placed in 36, 1m long core boxes with a 4-stick width and 4, 1m 
long core boxes with a 2-stick width. 
Generalised stratigraphy:  
Table 5b.1: Table showing the general stratigraphy of core Bav 2, the box numbers refer to the thirty-
six, 1 m long core boxes with a 4-stick width and four, 1 m long core boxes with a 2-stick width that 
the core has been placed in for storage. Core box and photograph numbers are the same for this core. 
 
Figure 5b.1: Figure is a crop of the SLOPE 2 C-D Ridge panel showing the location of Bav 2.  
Unit Depth (metres) Thickness 
(metres) 
Sub-environment 
B – C mud 149.74 – 139.35 10.87 Background 
B/C Interfan 139.35– 137.68 1.67 Lobe sands 
B – C mud 137.68 – 103.90 33.78 Background 
Unit C2 103.90 – 51.70 52.20 Axial sands, channel margin and 
internal levee 
Upper C mudstone 51.70 – 47.84 3.86 Background 
Expression of C3 47.84 – 47.44 0.44 Distal ‘proto-levee’ 
C – D mud 47.44 – 33.48 13.96 Background 
Unit D 33.48 – 31.65 1.83 Inner external levee 
Abandonment 31.65 – 19.46 12.19 Background/Healing 
D – E mud 19.46 – 0.00 19.46 Background 
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Figure 5b.2: Figure is a crop of the SLOPE 2 C-D Ridge panel showing the location of Bav 2.  
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Brief down-hole description of BAV 2 
149.74 – 130.28 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the D-E mudstone of the Fort Brown Formation. 
130.28 – 118.09 m 
Thinly interbedded coarse, medium and fine-grained siltstone with and mudstone 
drapes (the siltstone and mudstone couplets in deepwater facies section). The 
coarser siltstone beds are <1-5 cm thick, becoming finer grained and thinner bedded 
up through the succession with the mudstone drapes occurring at increasingly more 
frequent intervals. This is the upper part of Unit D of the Fort Brown Formation. 
118.09 – 116.26m 
This section of the core contains distorted sand-rich slump material with 
corresponds with the base of unit D. The slump material is rhythmically bedded silts 
and sands with lots of mud drapes and associated low intensity bioturbation. 
Average bed thickness is 1-3 cm, becoming thinner upwards with an increasing 
intensity in bioturbation. The deformed area has jagged edges suggesting that the 
deposit may have been partially lithified at the time of deformation. 
116.26 – 102.30 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the C-D mudstone of the Fort Brown Formation. 
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102.30 – 101.90 m 
Interbedded FSi and CSi. The siltstone is rhythmically bedded (60% CSi and 40% FSi). 
The FSi beds are 1-4 mm thick and the CSi beds are 2-5 mm thick. This unit is 
interpreted as an expression of sub-unit C3 (interpreted as a frontal splay deposit). 
At the corresponding outcrop location for Bav 2, sub-unit C3 has no visible 
expression, it has thinned and down-lapped into the mudstone below. 
101.90 – 98.04 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the Upper C mudstone and it is one of the intra-unit 
mudstones in the Unit C composite sequence of the Fort Brown Formation. This 
mudstone can be followed and correlated throughout the field area. 
98.04 – 69.61 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, beds are 1-15 cm thick. The sandstone beds are normally graded 
very fine sandstone and coarse siltstone), beds are 1-10 cm thick (35-40% 
sandstone). Several erosion surfaces are present, however, bed bases are commonly 
loaded. Sedimentary structures include; current ripple lamination, stoss-side 
preservation occurs locally, climbing ripple lamination and planar lamination is 
common. In some instances, bioturbation has distorted the ripple laminae. This 
section of Bav 2 is equivalent to the upper part of Sub-unit C2, interpreted as an 
internal levee deposit. 
69.61 m – 68.28 m 
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This section of the core consists of interbedded planar laminated sandstone and 
siltstone (siltstone dominated) with occasional mud drapes. The sandstone beds are 
<1 cm thick. This facies has been interpreted as distal internal levee, within sub-
unit C2. 
68.28 – 65.30 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, beds are 1-25 cm thick. The sandstone beds are normally graded. 
Sedimentary structures include; current ripple lamination, stoss-side preservation 
occurs locally, climbing ripple lamination and planar lamination is common. In some 
instances, bioturbation has distorted the ripple laminae. This section of Bav 2 is 
equivalent to the upper part of Sub-unit C2, interpreted as an internal levee 
deposit, the type section for internal levee in the Baviaans farm core is found within 
this interval (66.70-67.30 m). 
65.30 – 62.70 m 
Soft sedimentary deformation is present at this interval; it is dominated by 
interbedded sandstone and siltstone packages. This deformation includes folding 
and slump structures. This section of core is interpreted as a channel margin deposit 
within sub-unit C2. 
62.70 – 49.61 m 
Mostly structureless, thick-bedded fine-grained sandstone (FS). Beds are 5-60 cm 
thick, many of which are fine to very fine sandstone (VFS). Where graded to VFS, 
planar laminations are common and ripple lamination occurs locally. Most bed 
contacts are amalgamated although several loaded and erosion surfaces are 
present. Mud clasts are distributed throughout many beds, although, they have a 
tendency to occur towards the bases of beds. Although generally structureless, 
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some rare instances of planar lamination is observed and several thicker beds 
contain an abundance of water escape structures; commonly flame and dish 
structures.  
49.61 – 48.81 m 
Interval of thinly bedded (1-10 cm) sandstone and siltstone. Some small scale 
deformation and dewatering present. Sedimentary structures include planar 
lamination, wavy lamination and current ripple lamination. This is interpreted as 
part of channel margin deposit within subunit C2. 
48.81 - -48.84m 
Thick-bedded fine grained sandstone (FS). Beds are 5-60 cm thick, many of which 
are fine to very fine sandstone (VFS). Where graded to VFS, planar laminations are 
common and ripple lamination occurs locally. Mud clasts are distributed throughout 
the lowermost 90 cm. Generally structureless, planar and sub-planar lamination and 
current ripple lamination observed in the uppermost bed. This is interpreted as an 
off-axis channel sandstone deposit at the base of subunit C2. 
45.84 – 12.06 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the B-C mudstone of the Fort Brown Formation. 
12.06 – 10.39 m 
Sharp based and sharp topped structureless fine sandstone unit grading to very fine 
sandstone in the upper 10 cm. Mudstone and fine-siltstone is present above and 
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below. This sandstone unit is interpreted as the B-C interfan, an intra-slope lobe 
that is used as a lower datum to allow correlation between logs. 
10.39 – 0.00 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the B-C mudstone of the Fort Brown Formation. 
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Generalised Description: 
Unit B – B/C interfan mudstone 
Core interval:  149.74-139.35 m  Total thickness:  10.39 m 
This mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and interbedded thin beds of coarse siltstone.  
Interpretation 
Throughout the entire 10.39 m there is only 19 cm of claystone. The Unit B-C 
mudstone is stratigraphically a base of slope environment; it should be claystone 
rich if it represents background sedimentation. The lack of claystone implies that 
the system rarely shuts off completely; the abundance of siltstone material present 
suggests that a conduit for sediment was still active somewhere in the basin during 
this time. 
B/C interfan  
Core interval:  139.35-137.68 m  Total thickness:  1.67 m 
The interfan has a sharp base and a sharp bed top with mudstone and fine-siltstone 
above and below. The interfan comprises mostly fine with some medium sandstone. 
Beds are 2-25 cm thick, one 68 cm thick. Associated features include structureless 
sands, some grading in grain-size upwards as well as (cm sized) mud chips 
concentrated at the basal contact. 
Interpretation 
The B/C interfan is a thin unit (~1 m thick observed at outcrop) that is used as a 
lower datum to correlate between field and core logs. It has been interpreted as a 
lobe/lobe fringe deposit, however, a thicker up-dip expression of it has not been 
identified at outcrop 
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B/C interfan – Unit C mudstone 
Core interval:  137.68-103.90 m  Total thickness:  33.78 m 
The mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and occasionally very thin beds of coarse siltstone.  
Interpretation 
Throughout the entire 33.78 m there is only 3.3 m of claystone. This is still part of 
the Unit B-C mudstone and is stratigraphically a base of slope environment; it should 
still be claystone rich if it represents background sedimentation. The lack of 
claystone implies that the system rarely shuts off completely. 
Unit C2 
Core interval:  103.90-51.7 m   Total thickness:  52.2 m 
Eight main facies identified:  
 Thick bedded fine sands (15.17%) 
 Structureless fine sands with mud clasts (5.59%) 
 Graded VFS-siltstone beds – structured (0.86%) 
 Thin bedded sandstone – structured(13.14%) 
 Thin bedded sandstone and siltstone – sandstone dominated (13.52%)  
 and thin bedded sandstone and siltstone – siltstone dominated (40.97%) 
 Deformed sandstone rich siltstone (5.85%) 
 Deformed mudstone with sandstone (4.9%). 
Important to note multiple repetitions of these same facies occur until ~52.96 m, a 
total of 50.94 m of a very sand rich succession with numerous mudclasts rich 
deposits. 
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Thick-bedded fine sandstone 
Thick-bedded fine sandstone is one of the major facies (17%) observed in this 
section through subunit C2. Bed thicknesses are in the range of 5 cm to over 60 cm, 
more commonly thicker than 30 cm. As observed in the thick-bedded sandstone 
beds observed in Bav 1A, erosive and loaded basal contacts are common; however, 
amalgamated contacts are most prevalent. Sometimes graded, usually FS-VFS.  
Some beds grade into parallel-sub parallel laminae – some of these steepen upwards 
suggesting that they are part of an aggradational bedform. Generally structureless, 
some rare instances of planar lamination is observed and several thicker beds 
contain an abundance of water escape structures; commonly flame and dish 
structures. As observed in Bav 1A fractures and quartz veining occurs throughout 
the coarser sandstone beds.  
Fine sandstone with mudclast intervals 
This facies marks the transition from mudstone to the base of C2, from 103.92-
102.27 m (1.65m thick) there is an abrupt change from mudstone and siltstone to 
fine grained sandstone – this is the beginning of unit C2. This lowermost 1.65 m of 
unit C2 is rich in small (<1 cm diameter) mudclasts dispersed throughout the fine 
sandstone.  Usually comprising structureless fine sandstone with mudclasts 
dispersed throughout on average <1-4 cm thick. Bed thickness ranges from 5-40 cm. 
As observed in the same facies in Bav 1A many of the mud clast rich horizons are a 
“slurry” of muddy sandstone – sandstone rich in mm sized mud lathes. These 
horizons are typically 1-5 cm thick. Some small zones of bioturbation (1/2) are 
recognised in this facies. The clast-rich zone tends to be preserved at/near the base 
of sand units Diagenetic pyrite is present throughout.  
Graded sandstone-siltstone beds – structured  
Interbedded sandstone and siltstone; the VFS beds often grade to C/MSi. These 
graded sandstone beds are 4-14 cm thick, contain abundant current, stoss-side 
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preserved and climbing ripple laminae (unidirectional). These graded beds can 
often resemble ‘true’ Bouma sequences. There are few erosion surfaces, some have 
bed dip changes above. The siltstone beds are CSi and are 2-4 cm thick with planar 
laminae and mm-thick VFS beds interbedded. 
Thin-bedded sandstone – structured 
The facies is sandstone rich (VFS) with an abundance of unidirectional current ripple 
laminae, some multidirectional ripple lamination and lots of erosion surfaces – there 
can be some deformation but little bioturbation and few mud drapes. Beds are 5-
40 cm thick with lots of ripple laminations – current ripples, climbing ripples, stoss-
side preserved ripple etc (higher abundance than planar laminae). Most of the beds 
with ripple lamination are multidirectional with lots of erosion surfaces. Some 
loaded and erosive bases to the sands. Overall fining and thinning upwards.  
Thin-bedded sandstone and siltstone – sandstone dominated 
This facies is generally found in packages 0.5 m thick. The facies is predominantly 
sandstone dominated thin beds of sandstone and siltstone packages are mostly VFS 
beds 5-40 cm thick. The beds are often graded – VFS to CSi (resembling true Bouma 
sequence turbidites) containing wavy, aggradational laminae, current ripple 
laminae, planar laminae, multiple cosets of ripple lamination, planar laminae, 
climbing ripple laminae, stoss side preserved ripple laminae and some are 
structureless. The CSi is generally planar laminated. Mud clasts (1-2 cm in diameter) 
are found in several of the VFS beds, as well as some colour banded muddy and 
clean sandstone – muddy sandstone is a slurry of sand grains and mud lathes. Basal 
contacts are erosion surfaces and in the thicker VFS beds amalgamated contacts are 
observed. 
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Thin-bedded sandstone and siltstone – siltstone dominated 
This facies is typically rich in CSi and VFS, with graded beds of VFS up to 30 cm 
thick, parts of this facies are more rhythmically bedded than others. The facies is 
mostly planar laminated siltstone, some areas are richer in silt than others – 
resemble Bav 5 – thick siltstone beds with thinner beds of very fine sandstone beds 
and lenses (2-10 mm thick). There is a low frequency occurrence of thicker 
sandstone beds (FS grain), some of these thicker beds (<10 cm) have climbing ripple 
lamination, small erosion surfaces, multidirectional ripple lamination, 
aggradational laminae, current ripple lamination, planar laminations and stoss side 
preserved ripple lamination.  
Deformed sandstone rich siltstone 
Soft sedimentary deformation is present throughout the interbedded (both 
sandstone and siltstone dominated) packages associated with the sand facies 
described above. This deformation includes folding and slumping of the packages, 
which often contain small mud clasts and mud lathes. 
Deformed mudstone with sandstone 
Mudstone rich facies interbedded with mm thick laminae of VFS and VFS clasts. 
Some folding and slumping is defined by the sandstone and siltstone. Beds are on a 
metre scale. 
Interpretation: 
Interpretation is based on the facies associations of the eight main facies observed 
in unit C2. Three environments of deposition are hypothesized: channel axis, 
channel margin and internal levee. It is important to mention that it is difficult to 
differentiate fully between channel margin and internal levee as they are on a 
continuous spectrum. Here, channel margin is differentiated by the presence of 
deformation and bed-dip changes above erosion surfaces (onlapping beds). 
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The thinner bedded sandstone facies; the structured fine sandstones and the 
interbedded VFS and siltstones (sandstone rich) that are both abundant in ripple 
lamination (multidirectional currents), lots of erosion surfaces and have little/no 
deformation are likely to be part of a more proximal internal levee environment.  
Box 20 – Type box of internal levee material: 
 Mostly thin-bedded siltstone and sandstone (2-10 cm thick, some can be up 
to 40 cm thick), climbing ripple lamination, lots of current ripples, many 
indicating multidirectional palaeoflows 
 No obvious stacking pattern 
 No clustering of ripple laminated sands – fairly dispersed beds (~every 
metre) 
In box 20, the lower 60 cm has deformed and distorted sandstone and siltstone 
becoming stratified interbedded sandstone and siltstone upwards. The sand beds in 
this area of Bav 2 – in boxes 20-17/3 is 3-35 cm thick interbedded with silts that can 
be up 1 m thick. The sand beds are relatively dispersed but they contain a lot of 
erosion surfaces, current ripple lamination (with multidirectional palaeoflows), 
climbing ripple lamination, very few mud drapes and little to no bioturbation. A lot 
of the laminae can be aggradational and most of the ripples are dm scale – this 
could be part of an internal levee. 
Whilst the more siltstone prone unit ~80-90% silts with VFS in the form of stringers 
is more likely to be part of a distal internal levee deposit. This is due to the lack of 
erosion surfaces, deformed intervals and ripple laminated sandstone – the 
sandstone content is too low to produce ripple lamination. The upper 10 m of unit 
D thin bedded sandstone and siltstone have a much higher abundance of 
bioturbation with mud drapes it is likely to be an abandonment facies. This same 
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facies present at the same stratigraphic height in Bav 2 and 3. It is important to 
note no external levee facies is present here – fitting with the outcrop analogue. 
Upper C mudstone 
Core interval:  51.7-47.84 m   Total thickness:  3.86 m 
This mudstone unit consists of interbedded FSi and CSi. Beds are 1-5 mm thick. 
Interpretation 
This is the Lower C mudstone and it is one of the intra-unit mudstones in the Unit 
C composite sequence. This mudstone can be followed and correlated throughout 
the field area. 
Expression of Unit C3 
Core interval:  47.84-47.44 m   Total thickness:  0.40 m 
Interbedded FSi and CSi. The siltstone is rhythmically bedded. 60% CSi and 40% FSi. 
The FSi beds are 1-4 mm thick and the CSi beds are 2-5 mm thick. The upper 10 cm 
of the interbedded siltstone unit comprising C2 is distorted and slightly deformed. 
It is important to note that C3 has no visible expression at outcrop in the area near 
the Bav 2 drill site, it has thinned and downlapped into the mudstone below and is 
not exposed. 
Unit C – Unit D mudstone 
Core interval:  47.44-33.48 m   Total thickness:  13.96 m 
This mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and very thin beds of coarse siltstone. 
Interpretation 
This is part of the Unit C-D mudstone and is stratigraphically a mid-slope 
environment. It is important to note the thickness of the mudstone in this well 
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compared to the 22.58 m thick C-D mudstone in Bav 1A (the only well with the 
whole C-D mudstone preserved). The thickness discrepancy suggests that the 
overlying Unit D within the incisional slope valley (indicating that the base of D is 
the composite erosion surface) and has eroded ~9 m of the C-D mudstone. 
Unit D 
Core interval:  33.48 – 31.65 m  Total thickness:  1.83 m 
Box 9/4 and 8/1 contain distorted sand-rich slump material with corresponds with 
the base of unit D. The slump material is rhythmically bedded silts and sands with 
lots of mud drapes and associated bioturbation (1/2), the deformed area has jagged 
edges inferring that the material may have been partially lithified at the time of 
distortion. Average bed thickness is 1-3 cm, becoming thinner upwards with an 
increasing intensity in bioturbation. The entire unit is sand rich (~65%). Higher sand 
content than in the internal levee of C2 below. 
Interpretation 
This unit D material and the associated abandonment facies overlying it suggest 
that it is lying within the large Unit D slope valley cut. The abandonment facies 
occurs at the same stratigraphic position in Bav 3 and 4. The unit is has brittle slump 
features suggesting that it had been deposited and positioned in its previous 
location for a significant amount of time before being incorporated into this part of 
the D slope valley fill. It is likely that this deposit is an inner external levee deposit 
that has slumped and slid into the channel. 
Abandonment 
Core interval:  31.65-19.46 m   Total thickness:  12.19 m 
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The upper 12.19 m of unit D thin bedded sandstone and siltstone have a much higher 
abundance of bioturbation with mud drapes it is likely to be an abandonment facies. 
This same facies present at the same stratigraphic height in Bav 2 and 3. 
Siltstone dominated thin beds of interbedded sandstone and siltstone packages 5-
30 cm thick, beds are less that 1 cm thick. Sedimentary structures within the VFS 
beds include wavy, current ripple laminae, planar laminae, multiple cosets of ripple 
lamination, planar laminae, climbing ripple laminae, stoss side preserved ripple 
laminae and some are structureless. The CSi is generally planar laminated. Mud 
drapes are interspersed throughout in abundance and they are associated with 
bioturbation; some burrows are several cm long and distort laminae throughout 
their length. 
Unit D – Unit E mudstone 
Core interval:  19.46-0.00 m    Total thickness:  19.46 m 
The mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and occasionally very thin beds of coarse siltstone.  
Interpretation 
Throughout the entire 19.46 m there is only 1 m of claystone. This is part of the 
Unit D-E mudstone and is stratigraphically a mid-slope environment; it should still 
be claystone rich if it represents background sedimentation. The lack of claystone 
implies that the system rarely shuts off completely. 
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Appendix 5c: Well Bav 3 
Location UTM 34H 0474790 6324826 
 Total depth of 170 m and has been fully split and one-half lapped. 
 48 boxes in total (44x4 m and 4x2 m lengths of core in each box). 
The core has been placed in 44, 1 m long core boxes with a 4-stick width and 4, 1 
m long core boxes with a 2-stick width. 
Generalised stratigraphy: 
Table 5c.1: shows the general stratigraphy of core Bav 3, the box numbers refer to the forty-four, 
1 m long core boxes with a 4-stick width and four, 1 m long core boxes with a 2-stick width that the 
core has been placed in for storage. Core box and photograph numbers are the same for this core. 
 
Figure 5c.1: Figure is a crop of the SLOPE 2 C-D Ridge panel showing the location of Bav 3.  
Unit Depth (metres) Thickness 
(metres) 
Sub-environment 
B – C mud 170.74 – 162.57 8.17 Background 
B/C Interfan 162.57– 161.48 1.09 Lobe sands 
B – C mud 161.48 – 128.69 32.79 Background 
Unit D 128.69 – 62.30 66.34 Axial sands, channel margin and 
internal levee 
Abandonment 62.30 – 51.92 10.38 Background/Healing 
D – E muds 51.92 – 0.00 51.92 Background 
Deformed 
muds 
39.82 – 34.00 5.82 Background/Healing 
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Figure 5c.2: Bav 3 core log with generalised stratigraphy  
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Brief down-hole description of BAV 3 
170.74. – 118.82 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20cm thick. This unit of 
mudstone is equivalent to the D-E mudstone of the Fort Brown Formation. 
118.82 – 108.44 m 
Siltstone dominated thin beds of interbedded sandstone and siltstone packages 5-
30cm thick, beds are less that 1cm thick. Sedimentary structures within the VFS 
beds include wavy, current ripple laminae, planar laminae, multiple cosets of ripple 
lamination, planar laminae, climbing ripple laminae, stoss side preserved ripple 
laminae and some are structureless. The CSi is generally planar laminated. Mud 
drapes are interspersed throughout in abundance and they are associated with 
bioturbation; some burrows are several cm long and distort laminae throughout 
their length. This thin-bedded sandstone and siltstone has a much higher abundance 
of bioturbation with mud drapes it is interpreted as abandonment facies in Unit D.  
108.44 – 100.70 m 
Core interval dominated by thick-bedded fine-grained sandstone (FS). Beds are 5-
90 cm thick, commonly thicker than 30 cm, many of which are fine to very fine 
sandstone (VFS). Normal grading occurs in many of the beds (from fine sand to very 
fine sandstone). Most bed contacts are amalgamated although several loaded and 
erosion surfaces are present. Many beds contain an abundance of water escape 
structures; commonly flame and dish structures, several of the beds are 
structureless and one contains mud clasts.  
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100.70 – 99.35 m 
Interbedded sandstone and siltstone, sandstone dominated. Sandstone beds are 1-
18 cm thick and mostly structureless with some occurrences of wavy lamination, 
normal grading and loaded beds. The siltstone beds have planar and convoluted 
lamination. This is interpreted as part of a channel margin deposit to a channel 
within the Unit D-slope valley. 
99.35 – 87.70 m 
This section is similar the sandstone dominated interval identified above. 
Structureless, thick-bedded fine-grained sandstone (FS) dominates. Beds are 10-100 
cm thick, commonly thicker than 30 cm, many of which are fine to very fine 
sandstone (VFS). Normal grading occurs in many of the beds (from fine sand to very 
fine sandstone). Where graded to VFS, planar laminations are common and ripple 
lamination occurs locally. Most bed contacts are amalgamated although several 
loaded and erosion surfaces are present. Generally structureless, some rare 
instances of planar lamination is observed and several thicker beds contain an 
abundance of water escape structures; commonly flame and dish structures. Small 
zones of bioturbation (3/4) present in places. Many beds are rich in mud clasts, 
averaging between <1-4 cm in diameter, although, some are ~20 cm in diameter. 
The clast-rich zone is generally preserved at/near the base of sand units. 
87.70 – 86.80 m 
Interbedded sandstone and siltstone, siltstone dominated. Sandstone beds are 1-5 
cm thick and mostly structureless with some occurrences of wavy lamination. This 
is interpreted as part of a channel margin deposit to a channel within the Unit D-
slope valley. 
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86.80 – 80.00 m 
This interval of the core comprises a section of deformed and distorted sandstone 
and siltstone (it is sandstone dominated), with sedimentary faults, folds and slumps. 
80.00 – 74.05 m 
Several beds of normally graded sandstone and siltstone. Some small scale brittle 
deformation observed. Beds are 10-130 cm thick. Sedimentary structures include 
planar laminations, current ripple laminae and water escape structures. Several of 
the beds have mudclasts towards their bases in the lowermost 40 cm of this interval. 
74.05 – 67.20 m 
This core interval is dominated by bedded siltstones and mudstones. There is some 
small scale deformation towards the base of this section. This muddy succession 
occurs within the Unit D slope valley cut so it is interpreted as part of a muddy 
slump. The lack of deformation suggests that this is a rafted block that fell into the 
valley due to the proximity of the almost vertical western margin. 
67.20 – 55.50 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, and beds are 1-15 cm thick. Mudstone drapes increase in 
abundance up through the unit. Sandstone beds thin upwards. Several erosion 
surfaces are present in the lower half of this core interval. Sedimentary structures 
include; current ripple lamination, stoss-side preservation occurs locally and planar 
lamination is common. In some instances, bioturbation has distorted the ripple 
laminae. This is interpreted as an internal levee deposit within the Unit D slope 
valley. 
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55.50 – 48.18 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, beds are 1-15 cm thick – this interval is siltstone dominated. 
Several of the thicker (>10 cm) sandstone beds are normally graded very fine 
sandstone and coarse siltstone, generally the sandstone beds are 1-8 cm thick. 
Several erosion surfaces are present, however, bed bases are commonly loaded. 
Sedimentary structures include; current ripple lamination, stoss-side preservation 
occurs locally and planar lamination is common. In some instances, bioturbation has 
distorted the ripple laminae. This section of Bav 3 is interpreted as a channel margin 
deposit. 
48.18- – 43.00 m 
Soft sedimentary deformation of sandstone and siltstone, deformation includes 
folding and slump structures. This section of core is interpreted as a channel margin 
slump deposit at the base of the D-aged slope valley. Bav 3 was drilled close to the 
almost vertical western margin of the slope valley; the steep angle of this margin 
is likely to be responsible for this deformation. 
43.00 – 42.10 m 
Slumped mudstone deposit inferred to be part of the basal contact of the Unit D 
slope valley. 
42.10 – 9.31 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the C-D mudstone of the Fort Brown Formation. 
 341 
 
9.31 – 8.22 m 
Sharp based and sharp topped structureless fine sandstone unit grading to very fine 
sandstone in the upper 10 cm. Mudstone and fine-siltstone is present above and 
below. This sandstone unit is interpreted as the B-C interfan, an intra-slope lobe 
that is used as a lower datum to allow correlation between logs. 
8.22 – 0.00 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the C-D mudstone of the Fort Brown Formation. 
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General Description: 
Unit B – B/C interfan mudstone 
Core interval:  170.74-162.57 m  Total Thickness: 8.17 m 
The mudstone unit consists of interbedded mudstone, predominantly fine siltstone 
(FSi) and interbedded thin beds of coarse siltstone. 
Interpretation 
Throughout the entire 8.17 m there is no claystone. The Unit B-C mudstone is 
stratigraphically a base of slope environment; it should be claystone rich if it 
represents background sedimentation. The lack of claystone implies that the system 
rarely shuts off completely; the abundance of siltstone material present suggests 
that a conduit for sediment was still active somewhere in the basin during this time. 
B/C interfan  
Core interval:  162.57-161.48 m  Total thickness:  1.09 m 
The interfan has a sharp base and a sharp bed top with mudstone and fine-siltstone 
above and below. The interfan comprises mostly VFS, FS and graded FS-VFS beds 5-
29 cm thick. Mud clasts are found at the basal bed contacts within the lower 83 cm 
of the interfan. The upper 26 cm comprises interbedded FSi and VFS; the FSi beds 
are 0.2-1 cm thick and the VFS beds are <1-4 cm thick. The thickest bed contains 3 
sets of climbing ripple laminae with an erosion surface at the base. 
Interpretation 
The B/C interfan is a thin unit (~1 m thick observed at outcrop) that is used as a 
lower datum to correlate between field and core logs. It has been interpreted as 
an intra-slope lobe/lobe fringe deposit, however, a thicker up-dip expression of it 
has not been identified at outcrop. 
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B/C interfan – Unit C mudstone 
Core interval:  161.48-128.69 m  Total thickness:  32.79 m 
The mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and occasionally very thin beds of coarse siltstone. Deformed 
mudstone and siltstone are found at 145.89-144.43 m and 129.49-128.69 m. There 
is a 46 cm thick VFS bed present. 
Interpretation 
Throughout the entire 32.79 m there is only 4.61 m of claystone. This is still part of 
the Unit B-C mudstone and is stratigraphically a base of slope environment; it should 
still be claystone rich if it represents background sedimentation. The lack of 
claystone implies that the system rarely shuts off completely. The VFS bed is most 
likely to be part of an injectite. 
Unit D 
Core interval:  128.64 – 62.30 m  Total thickness:  66.34 m 
Unit D in Bav 4 appears to be very complex in its relationships of channel margin 
and internal levee – channel margin and channel sands cut internal levee with 
internal levee overlying the channel sands eventually. In unit D, 13 main facies have 
been identified: 
o Structureless bedded fine sands 
o Structureless fine sands with mud clasts  
o Thin bedded sandstone and siltstone – sandstone dominated 
o Thin bedded sandstone and siltstone – siltstone dominated 
o Thin-bedded sandstone – structured 
o Bedded mudstones 
o Sandstone with water escape structures 
o Bedded siltstones 
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o Deformed sandstone and siltstone interbedded 
o Deformed sandstone 
o Graded sandstone 
o Graded sandstone – siltstone 
o Graded silts 
Structureless fine sandstone 
Bed thicknesses are in the range of 10 cm to over 1 m, more commonly thicker than 
30 cm. Erosive and loaded basal contacts are common; however, amalgamated 
contacts are most prevalent. Amalgamated contacts between the sand beds can be 
difficult to identify unless there is an obvious grain size or colour change across the 
contact – colour is least reliable due to diagenetic effects. Small zones of 
bioturbation (3/4) present in places.  
Structureless fine sands with mud clasts 
Usually structureless FS units, (although some beds do have some faint laminae) 
thicknesses range from 1-30 cm. The facies is rich in mud clasts, averaging between 
<1-4 cm in diameter, although, some are ~20 cm in diameter. The clast-rich zone 
is generally preserved at/near the base of sand units. 
Thin bedded sandstone and siltstone – sandstone dominated 
Sandstone dominated (55%) thin beds of sandstone and siltstone packages are 
mostly 5-20 cm thick. Sedimentary structures within the VFS beds include wavy, 
aggradational laminae, current ripple laminae, planar laminae, multiple cosets of 
ripple lamination, planar laminae, climbing ripple laminae, stoss side preserved 
ripple laminae and some are structureless. The CSi is generally planar laminated. 
Other bed contacts are erosion surfaces and in the thicker VFS beds amalgamated 
contacts are observed. 
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Thin bedded sandstone and siltstone – siltstone dominated 
Similar to the facies described above; siltstone dominated thin beds of sandstone 
and siltstone packages 5-20 cm thick. Some of the VFS beds are graded – VFS to CSi, 
resembling true Bouma sequence turbidites. Sedimentary structures within the VFS 
beds include wavy, current ripple laminae, planar laminae, multiple cosets of ripple 
lamination, planar laminae, climbing ripple laminae, stoss side preserved ripple 
laminae and some are structureless. The CSi is generally planar laminated. There 
are a few erosion surfaces and some are associated with bed dip changes above. 
Thin-bedded sandstone – structured VFS 
The facies is sandstone rich (VFS) with an abundance of unidirectional current ripple 
laminae, some multidirectional ripple lamination and lots of erosion surfaces – there 
can be some deformation but little bioturbation and few mud drapes. Beds are 5-
40 cm thick with lots of ripple laminations – current ripples, climbing ripples, stoss-
side preserved ripple etc (higher abundance than planar laminae). Most of the beds 
with ripple lamination are multidirectional with lots of erosion surfaces. Some 
loaded and erosive bases to the sands. Overall fining and thinning upwards. 
Bedded mudstones 
Structureless mudstone beds 2-50 cm thick 
Fine sandstone with water escape structures 
This facies is generally FS with no other sedimentary structures except water escape 
structures; the most prevalent of which are dish and flame structures. Beds are 
metre scale. 
Bedded siltstones 
Interbedded FSi, MSi and CSi. Mostly FSi (40%). The coarser siltstones are mm thick 
laminae. Beds are 5-40 cm thick. In some cases, individual beds fine upwards from 
VCSi/CSi to FSi.  
 346 
 
Distorted siltstone and sandstone 
Mostly VFS beds and CSi heavily distorted through with soft sedimentary folding and 
slumping that varies in intensity from slight folding and distortion of ripples, to the 
small bed scale (<10-20 cm thick) and up to >1 m of heavily distorted and slumped 
VFS material.  
Deformed sandstone 
Mostly VFS beds (associated with the structured VFS facies) with soft sedimentary 
folding and slumping that varies in intensity from slight folding and distortion of 
ripples, to the small bed scale (<10-20 cm thick) and up to 85 cm of heavily distorted 
and slumped VFS material.  
Graded sandstone 
There is a general trend of individual beds grading upwards, however, at least one 
inversely graded LFS-UFS interval has been observed. 
Graded sandstone-siltstone beds – structured 
Interbedded sandstone and siltstone; the VFS beds often grade to C/MSi. These 
graded sandstone beds are 3-30 cm thick, contain abundant current and climbing 
ripple laminae (unidirectional). Very little distortion, some is present due to water 
escape. The sand beds have loaded bases and erosion surfaces are common. Higher 
in the stratigraphy, these graded beds become siltier in composition with many beds 
exhibiting grading profiles from VFS to FSi, loaded bases, planar laminations (no 
ripple laminae), low intensity bioturbation and no mud drapes. 
Graded siltstone 
There is a general trend of individual beds grading upwards from VCSi/CSi to FSi. 
Beds are 5-20 cm thick. Planar laminae throughout. 
Interpretation 
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As mentioned at the beginning of the Unit D section, it is very complex in its 
relationships of channel axial deposits, channel margin deposits and internal levee 
deposits. It is important to mention that it is difficult to differentiate fully between 
channel margin and internal levee as they are on a continuous spectrum. Here, 
channel margin is differentiated by the presence of deformation and bed-dip 
changes above erosion surfaces (onlapping beds). The thinner bedded sandstone 
facies; the structured fine sandstones and the interbedded VFS and siltstones 
(sandstone rich) that are both abundant in ripple lamination (multidirectional 
currents), lots of erosion surfaces and have little/no deformation are likely to be 
part of a more proximal internal levee environment. Whilst the more siltstone prone 
unit ~80-90% silts with VFS in the form of stringers is more likely to be part of a 
distal internal levee deposit. This is due to the lack of erosion surfaces, deformed 
intervals and ripple laminated sandstone – the sandstone content is too low to 
produce ripple lamination. The upper 10 m of unit D thin bedded sandstone and 
siltstone have a much higher abundance of bioturbation with mud drapes it is likely 
to be an abandonment facies. This same facies present at the same stratigraphic 
height in Bav 2 and 4. It is important to note no external levee facies is present 
here – fitting with the outcrop analogue. 
Abandonment facies 
Core interval:  62.30-51.92 m   Total thickness:  10.38 m 
The upper 10.38 m of unit D thin bedded sandstone and siltstone have a much higher 
abundance of bioturbation with mud drapes it is likely to be an abandonment facies. 
This same facies present at the same stratigraphic height in Bav 2 and 4. Siltstone 
dominated thin beds of interbedded sandstone and siltstone packages 5-30 cm 
thick, beds are less that 1 cm thick. Sedimentary structures within the VFS beds 
include wavy, current ripple laminae, planar laminae, multiple cosets of ripple 
lamination, planar laminae, climbing ripple laminae, stoss side preserved ripple 
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laminae and some are structureless. The CSi is generally planar laminated. Mud 
drapes are interspersed throughout in abundance and they are associated with 
bioturbation; some burrows are several cm long and distort laminae throughout 
their length. 
Unit D – Unit E mudstone 
Core interval:  51.92-0.00 m   Total thickness:  51.92 m 
The mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and occasionally very thin beds of coarse siltstone. Deformed 
mudstone and siltstone are found at 39.82-34.00 m. 
Interpretation 
Throughout the entire 51.92 m there is only 7.31 m of claystone. This is still part of 
the Unit B-C mudstone and is stratigraphically a base of slope environment; it should 
still be claystone rich if it represents background sedimentation. The lack of 
claystone implies that the system rarely shuts off completely. The VFS bed is most 
likely to be part of an injectite. 
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Appendix 5d: Well Bav 4 
Location UTM 34H 0475197 6324714 
 Total depth of 224.97 m and has been fully split with one-half lapped. 
 64 boxes in total (60x4 m and 4x2 m lengths of core in each box). 
The core has been placed in 60, 1 m long core boxes with a 4-stick width and 4, 1 
m long core boxes with a 2-stick width. 
Generalised stratigraphy: 
Table 5d.1: Table showing the general stratigraphy of core Bav 4, the box numbers refer to the sixty, 
1 m long core boxes with a 4-stick width and four, 1 m long core boxes with a 2-stick width that the 
core has been placed in for storage. Core box and photograph numbers are the same for this core. 
 
Figure 5d.1: Figure is a crop of the SLOPE 2 C-D Ridge panel showing the location of Bav 4.  
Unit Depth(metres) Thickness 
(metres) 
Sub-environment 
B – C mud 224.97 – 206.88 18.09 Background 
B/C Interfan 206.88– 206.19 0.69 Lobe sands 
B – C mud 206.19 – 178.94 27.25 Background 
Unit D 178.94 – 111.02 67.92 Axial sands, channel margin 
and internal levee 
Abandonment 111.02 – 98.96 12.10 Background/Healing 
D – E muds 98.92– 0.00 98.92 Background 
Deformed muds 84.12 – 78.04 6.08 Background/Healing 
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Figure 5d.2: Bav 4 core log with generalised stratigraphy 
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Brief down-hole description of BAV 4 
224.74– 126.41 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the D-E mudstone of the Fort Brown Formation. 
126.41 – 117.55 m 
Siltstone dominated interbedded sandstone and siltstone packages 5-30 cm thick, 
beds are less that 1 cm thick. Sedimentary structures in the VFS beds include wavy, 
current ripple laminae, multiple cosets of ripple lamination, planar laminae, 
climbing ripple laminae, stoss side preserved ripple laminae and some beds are 
massive. The CSi is generally planar laminated. Mud drapes are interspersed 
throughout in abundance and they are associated with bioturbation; some burrows 
are several cm long and distort laminae throughout their length. This thin-bedded 
sandstone and siltstone has a much higher abundance of bioturbation with mud 
drapes it is interpreted as abandonment facies in Unit D.  
117.55 – 106.20 m 
Core interval dominated by thick-bedded fine-grained sandstone (FS). Beds are 10-
190 cm thick, commonly thicker than 30 cm. Normal grading from fine sandstone to 
very fine sandstone occurs in many of the beds. Most bed contacts are amalgamated 
although several loaded and erosion surfaces are present. Many beds contain an 
abundance of water escape structures; commonly flame and dish structures, several 
of the beds are structureless and one contains mud clasts. This interval is 
interpreted as part of the late stage aggradational channel within the Unit D slope 
valley. 
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106.20 – 104.50 m 
Bedded sandstone, beds are 1-25 cm thick. Sedimentary structures include; current 
ripple lamination, stoss-side preservation occurs locally and planar lamination is 
common. In some instances, bioturbation has distorted the ripple laminae. There is 
one fine sand bed with mudclasts present in this interval. This section of Bav 4 is 
interpreted as a channel margin deposit. 
104.50 – 103.65 m 
Fine sandstone bed with a sharp upper contact and basal erosion surface. This bed 
is mostly structureless with some dewatering structures in the upper 30 cm. 
103.65 –85.79 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, and beds are 1-35 cm thick. Mudstone drapes increase in 
abundance up through the unit. Sandstone beds thin upwards. Many of the 
sandstone beds grade normally to coarse siltstone. Several erosion surfaces are 
present in the lower half of this core interval. Sedimentary structures include; 
planar lamination, current ripple lamination, stoss-side preservation, climbing 
ripple lamination and multidirectional current ripple laminae occur locally. In some 
instances, bioturbation has distorted the ripple laminae. This interval of the core is 
interpreted as internal levee and channel margin deposits (channel margin deposits 
don’t have climbing ripple lamination or multidirectional current ripple laminae) 
within the Unit D slope valley. 
85.79 – 85.19 m 
This interval contains fine sandstone beds with a sharp contacts. A medium 
sandstone bed is present with mud clasts throughout (mudclasts measure 1-8 cm in 
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diameter). Sedimentary structures include faint planar lamination, current ripple 
lamination and flame structures. 
85.19 – 77.50 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, and beds are 1-25 cm thick. Mudstone drapes increase in 
abundance up through the unit. Sandstone beds thin upwards. Many of the 
sandstone beds grade normally to coarse siltstone. Several erosion surfaces are 
present in the lower half of this core interval. Sedimentary structures include; 
planar lamination, current ripple lamination, stoss-side preservation, climbing 
ripple lamination and multidirectional current ripple laminae occur locally. In some 
instances, bioturbation has distorted the ripple laminae. This interval of the core is 
interpreted as internal levee and channel margin deposits (channel margin deposits 
don’t have climbing ripple lamination or multidirectional current ripple laminae) 
within the Unit D slope valley. 
77.50 – 76.00 m 
Fine sandstone bed with a sharp upper contact and basal erosion surface. 
Sedimentary structures include faint planar lamination and current ripple 
lamination. 
76.00 – 73.70 m 
Thin-bedded heterolithics of very fine sandstone, very coarse siltstone and 
mudstone drapes, and beds are 1-25 cm thick. Mudstone drapes increase in 
abundance up through the unit. Sandstone beds thin upwards. Many of the 
sandstone beds grade normally to coarse siltstone. Several erosion surfaces are 
present in the lower half of this core interval. Sedimentary structures include; 
planar lamination, current ripple lamination, stoss-side preservation, climbing 
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ripple lamination and multidirectional current ripple laminae occur locally. In some 
instances, bioturbation has distorted the ripple laminae. This interval of the core is 
interpreted as internal levee and channel margin deposits (channel margin deposits 
don’t have climbing ripple lamination or multidirectional current ripple laminae) 
within the Unit D slope valley. 
73.70 – 71.90 m 
This interval of the core comprises a section of deformed and distorted sandstone 
and siltstone (it is sandstone dominated), with sedimentary faults, folds and slumps. 
71.90 – 51.20 m 
This core interval is dominated by bedded siltstones and mudstones. There is some 
small scale deformation towards the base of this section. This muddy succession 
occurs within the Unit D slope valley cut so it is interpreted as part of a muddy 
slump. The lack of deformation suggests that this is either part of a rafted block 
that fell into the valley due to the proximity of the almost vertical western margin, 
or it is a mud filled channel within the slope valley. 
51.20 – 45.79 m 
This section comprises thick-bedded fine-grained sandstone (FS) with a sharp bed 
top and erosive bed base – this is the basal Unit D slope valley erosion surface. Beds 
are metre scale thick and bed contacts are amalgamated. The beds contain an 
abundance of water escape structures; commonly flame and dish structures, planar 
and sub-planar lamination present in discrete zones. Small zones of bioturbation 
(3/4) present in places. Mud clasts, averaging between <1-4 cm in diameter, 
although, some are ~20 cm in diameter are present in the lowermost 1 m. 
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45.79 – 18.94 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the C-D mudstone of the Fort Brown Formation. 
18.94 – 18.20 m 
Sharp based and sharp topped massive fine sandstone unit grading to very fine 
sandstone in the upper 10 cm. Mudstone and fine-siltstone is present above and 
below. This sandstone unit is interpreted as the B-C interfan, an intra-slope lobe 
that is used as a lower datum to allow correlation between logs. 
18.20 – 0.00 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the C-D mudstone of the Fort Brown Formation. 
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General Description: 
Unit B – B/C interfan mudstone 
Core interval: 224.97 – 206.88 m    Total Thickness: 18.09 m 
The mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and interbedded thin beds of coarse siltstone. Present in boxes 
64 – 59/4: All fine siltstones and claystone. Many concretions are scattered 
throughout, some of the silts are slumped in Box 51/1. 
Interpretation   As previous. 
B/C interfan  
Core interval:  206.88-206.19 m  Total thickness:  0.69 m 
The interfan has a sharp base and a sharp bed top with mudstone and FSi above and 
below. The interfan comprises mostly fine sandstone. Beds are 1-21 cm thick. 
Associated features include bedded structureless sands, two with (cm sized) mud 
clasts. The structureless sandstone is interbedded with bioturbated, banded clean 
VFS and mud-lathe prone VFS. 
Interpretation   As previous. 
B/C interfan – Unit C mudstone 
Core interval:  206.19-178.94 m  Total thickness:  27.25 m 
The mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and occasionally very thin beds of coarse siltstone. 
Interpretation   As previous. 
Unit D 
Core interval:  178.94-98.96 m  Total thickness:  79.98 m 
Unit D in Bav 4 appears to be very complex in its relationships of channel margin 
and internal levee – channel margin and channel sands cut internal levee with 
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internal levee overlying the channel sands eventually. In unit D, 11 main facies have 
been indentified: 
o Massive bedded fine sands 
o Massive fine sands with mud clasts  
o Thin bedded sandstone and siltstone – sandstone dominated 
o Thin bedded sandstone and siltstone – siltstone dominated 
o Thin-bedded sandstone – structured 
o Deformed mudstone 
o Fine sandstone with water escape structures 
o Interbedded mudstone and siltstone 
o Interbedded siltstones of varying grain-size 
o Deformed sandstone 
o Graded sandstone 
Massive bedded fine sands 
Massive FS is present only in boxes 43/4, 42/1, 35/2 all of box 34, 33 and 32. Bed 
thicknesses are in the range of 10 cm to over 1 m, more commonly thicker than 30 
cm. Erosive and loaded basal contacts are common; however, amalgamated 
contacts are most prevalent. Amalgamated contacts between the sand beds can be 
difficult to identify unless there is an obvious grain size or colour change across the 
contact – colour is least reliable due to diagenetic effects. Small zones of 
bioturbation (3/4) present in places. Also important to note is the presence of 
fractures and quartz veining in abundance throughout the coarser sandstone beds. 
Massive fine sands with mud clasts 
Usually massive FS units, (although some beds do have some faint laminae) 
thicknesses range from 1-91 cm. The facies is rich in mud clasts, averaging between 
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<1-4 cm in diameter, although, some are ~20 cm in diameter. The clast-rich zone 
is generally preserved at/near the base of sand units. 
Thin bedded sandstone and siltstone – sandstone dominated 
Sandstone dominated thin beds of sandstone and siltstone packages are mostly 5-
20 cm thick. The beds are often graded – VFS to CSi (resembling true Bouma 
sequence turbidites), and many are massive. Sedimentary structures within the VFS 
beds include wavy, aggradational laminae, current ripple laminae, planar laminae, 
multiple cosets of ripple lamination, planar laminae, climbing ripple laminae, stoss 
side preserved ripple laminae and some are massive. The CSi is generally planar 
laminated. Mud clasts (1-2 cm in diameter) are found in several of the VFS beds, as 
well as some colour banded muddy and clean sandstone – muddy sandstone is a 
slurry of sand grains and mud lathes. Basal contacts of the graded beds are often 
loaded – some significantly, as the sand displaces into the finer grained silts below. 
Other bed contacts are erosion surfaces and in the thicker VFS beds amalgamated 
contacts are observed. Some small areas of distorted interbedded sands and silts 
(mostly folded) are present. Water escape structures are present, usually as flame 
structures in association with loaded bed bases. 
Thin bedded sandstone and siltstone – siltstone dominated 
Similar to the facies described above; siltstone dominated thin beds of sandstone 
and siltstone packages 5-20 cm thick. Some of the VFS beds are graded – VFS to CSi, 
resembling true Bouma sequence turbidites. Sedimentary structures within the VFS 
beds include wavy, current ripple laminae, planar laminae, multiple cosets of ripple 
lamination, planar laminae, climbing ripple laminae, stoss side preserved ripple 
laminae and some are massive. The CSi is generally planar laminated. There are a 
few erosion surfaces and some are associated with bed dip changes above. 
Thin-bedded sandstone – structured VFS 
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The facies is sandstone rich (VFS) with an abundance of unidirectional current ripple 
laminae, some multidirectional ripple lamination and lots of erosion surfaces – there 
can be some deformation but little bioturbation and few mud drapes. Beds are 5-
40 cm thick with lots of ripple laminations – current ripples, climbing ripples, stoss-
side preserved ripple etc (higher abundance than planar laminae). Most of the beds 
with ripple lamination are multidirectional with lots of erosion surfaces. Some 
loaded and erosive bases to the sands. Overall fining and thinning upwards.  
Deformed mudstone 
Mudstone rich facies interbedded with mm thick laminae of siltstone and VFS. Some 
folding and slumping is defined by the sandstone and siltstone. Beds are on a metre 
scale. 
Fine sandstone with water escape structures 
This facies is generally FS with no other sedimentary structures except water escape 
structures; the most prevalent of which are dish and flame structures. Beds are 
metre scale. 
Interbedded mudstone and siltstone 
Mudstone rich facies interbedded with mm thick laminae of siltstone and VFS. Beds 
are on a metre scale. 
Interbedded siltstones of varying grain-size 
Interbedded FSi, MSi, CSi and VCSi, FSi dominated (40%). Beds are <0.5-12 cm thick. 
This facies occurs in packages 10-46 cm thick. 
Deformed sandstone 
Mostly VFS beds (associated with the structured VFS facies) with soft sedimentary 
folding and slumping that varies in intensity from slight folding and distortion of 
ripples, to the small bed scale (<10-20 cm thick) and up to 85 cm of heavily distorted 
and slumped VFS material.  
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Graded sandstone 
There is a general trend of individual beds grading upwards, however, at least one 
inversely graded LFS-UFS interval has been observed. 
Interpretation 
As mentioned at the beginning of the Unit D section, it is very complex in its 
relationships of channel axial deposits, channel margin deposits and internal levee 
deposits. It is important to mention that it is difficult to differentiate fully between 
channel margin and internal levee as they are on a continuous spectrum. Here, 
channel margin is differentiated by the presence of deformation and bed-dip 
changes above erosion surfaces (onlapping beds). The thinner bedded sandstone 
facies; the structured fine sandstones and the interbedded VFS and siltstones 
(sandstone rich) that are both abundant in ripple lamination (multidirectional 
currents), lots of erosion surfaces and have little/no deformation are likely to be 
part of a more proximal internal levee environment. Whilst the more siltstone prone 
unit ~80-90% silts with VFS in the form of stringers is more likely to be part of a 
distal internal levee deposit. This is due to the lack of erosion surfaces, deformed 
intervals and ripple laminated sandstone – the sandstone content is too low to 
produce ripple lamination. The upper 10 m of unit D thin bedded sandstone and 
siltstone have a much higher abundance of bioturbation with mud drapes it is likely 
to be an abandonment facies. This same facies present at the same stratigraphic 
height in Bav 2 and 3. It is important to note no external levee facies is present 
here – fitting with the outcrop analogue. 
D – E Mudstone/Healing of Unit D slope valley 
Core interval:  98.92-0.00 m   Total thickness:  98.92 m 
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The mudstone unit consists of interbedded claystone, mudstone, predominantly FSi 
and occasionally very thin beds of CSi. One area is heavily deformed (83.97-78.16 
m, 5.81 m thick). 
Interpretation 
Throughout the entire 98.96 m there is only 7.99 m of claystone. This mudstone 
forms part of the Unit D-E mudstone and is stratigraphically a mid-slope 
environment; part is likely to be from the upper channel-fill/healing of the Unit D 
slope valley (the deformed mud- and siltstone).  
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Appendix 5e: Well Bav 5 
Location: UTM 34H 0475644 6324505 
 Total depth of 213 m and has been fully split with one-half lapped. 
 62 boxes in total (56x4 m and 6x2 m lengths of core in each box). 
The core has been placed in 56, 1 m long core boxes with a 4-stick width and 6, 1 
m long core boxes with a 2-stick width. 
Generalised stratigraphy:  
Table 5e.1 shows the general stratigraphy of core Bav 5, the box numbers refer to the fifty-six, 1 
m long core boxes with a 4-stick width and six, 1 m long core boxes with a 2-stick width that the core 
has been placed in for storage. Core box and photograph numbers are the same for this core. 
 
 
Figure 5e.1: Figure is a crop of the SLOPE 2 C-D Ridge panel showing the location of Bav 5  
Unit Depth (metres) Thickness 
(metres) 
Sub-environment 
B – C mud 213.00 – 206.44 6.56 Background 
Injectite 206.44 – 205.77 0.67 Injectite? 
B – C mud 205.77 – 191.25 14.52 Background 
B/C Interfan  191.25 – 189.35 1.90 Lobe sands 
B/C Interfan – Base 
D 
189.35 – 159.20 30.15 Background 
Unit D 159.20 – 84.65 74.55 Channel fill – internal levee and 
channel margin 
Zebras 84.65-71.29 12.89 Background/Healing 
D – E muds 71.76 – 0.00 71.76 Background 
Deformed mud unit 66.75 – 53.84 12.91 Background/Healing 
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Figure 5e.2: Bav 5 core log with generalised stratigraphy 
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Brief down-hole description of BAV 5 
213.00 – 141.24 m 
Black to dark grey fine-grained (mudstone) unit. This section of the core is rich in 
beds of mudstone, predominantly fine siltstone (beds are 1-20 cm thick) with 
occasional thin beds of coarse siltstone <1cm thick beds/laminae. Occasional 
concretions and volcanic ashes present. Deformed mudstone and siltstones found 
at; 66.75-64.16 m, 63.71-53.84 m, and 31.84-29.97 m. This unit of mudstone is 
equivalent to the Unit D-E mudstone of the Fort Brown Formation. 
141.24 – 128.35 m 
Thinly interbedded coarse, medium and fine-grained siltstone with and mudstone 
drapes (the siltstone and mudstone couplets in deepwater facies section). The 
coarser siltstone beds are <1-5 cm thick, becoming finer grained and thinner bedded 
up through the succession with the mudstone drapes occurring at increasingly more 
frequent intervals. This is the upper part of Unit D of the Fort Brown Formation. 
128.35 – 94.25 m 
This section of the core consists of interbedded planar laminated sandstone and 
siltstone (siltstone dominated) with abundant mud drapes. Very fine sandstone beds 
are generally <1 cm thick (some are 2-3 cm), siltstone beds are 5-25 cm thick. There 
is a distinct pattern of fining upwards as siltstone becomes dominant grain-size with 
increasing mud drapes and fewer planar laminated VFS beds. There are occasional 
current ripple laminated sandstone beds. This facies has been interpreted as distal 
internal levee within the Unit D slope valley.  
94.25 – 88.05 m 
Interbedded sandstone and siltstone, beds are 1-40 cm thick. Many of the sandstone 
beds are normally graded to coarse siltstone. Sedimentary structures include; 
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current ripple lamination (stoss side preservation present locally) and planar 
lamination is common. There are several mud drapes and some low intensity 
bioturbation. Some small scale soft sedimentary deformation is present locally. This 
section of Bav 5 is interpreted as a channel margin deposit. 
88.05 – 82.40 m 
This interval of core contains normally graded sandstone beds (fining to coarse 
siltstone upwards) 1-200 cm thick. Thin very fine sandstone beds present in the 
siltstone areas. Several erosion surfaces are present throughout this core interval. 
Within the sandstone rich areas sedimentary structures include; planar lamination, 
current ripple lamination, stoss-side preservation, climbing ripple lamination and 
multidirectional current ripple laminae occur locally. Planar lamination dominates 
the siltstone components of this interval. This interval of the core is interpreted as 
internal levee or a confined/ponded lobe deposit within the Unit D slope valley. 
82.40 – 77.68 m 
Interbedded sandstone and siltstone, beds are 1-40 cm thick, beds are slightly 
thicker upwards. Sedimentary structures include; current ripple lamination and 
planar lamination is common. There are several mud drapes and some low intensity 
bioturbation. This section of Bav 5 is interpreted as a channel margin deposit. 
77.68 – 68.38 m 
This interval of core contains normally graded sandstone beds (fining to coarse 
siltstone upwards) 1-60 cm thick. Thin very fine sandstone beds present in the 
siltstone areas. Several erosion surfaces are present throughout this core interval. 
Sedimentary structures within the sandstone rich areas of this interval include; 
planar lamination, current ripple lamination, stoss-side preservation, climbing 
ripple lamination and multidirectional current ripple laminae occur locally. Planar 
lamination dominates the siltstone components of this interval. This interval of the 
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core is interpreted as internal levee or a confined/ponded lobe deposit within the 
Unit D slope valley. 
68.38 – 65.50 m 
Interbedded sandstone and siltstone, beds are 1-40 cm thick. Many of the sandstone 
beds are normally graded to coarse siltstone. Sedimentary structures include; 
current ripple lamination and planar lamination is common. There are several mud 
drapes and some low intensity bioturbation. This section of Bav 5 is interpreted as 
a channel margin deposit. 
65.50 – 53.80 m 
Core interval dominated by structureless thick-bedded fine-grained sandstone (FS). 
Beds are 10-240 cm thick, commonly thicker than 30 cm. Normal grading from fine 
sandstone to very fine sandstone occurs in several of the beds. Most bed contacts 
are amalgamated although several erosion surfaces are present. The uppermost 
beds contain water escape structures; commonly flame and dish structure. Mud 
clasts, averaging between <1-4 cm in diameter, although, some are ~20 cm in 
diameter are present in the lowermost 1 m – this is the basal Unit D slope valley 
erosion surface.. 
53.80 – 23.65 m 
Another black to dark grey fine-grained mudstone unit consisting of interbedded 
claystone, mudstone, predominantly fine siltstone (beds are 1-20 cm thick) with 
occasional thin beds of coarse siltstone <1 cm thick beds/laminae. Occasion 
concretions and volcanic ashes present throughout and some of the siltstones are 
slumped. 
23.65 – 21.75 m 
Sharp based and sharp topped massive fine sandstone unit grading to very fine 
sandstone in the upper 10 cm. A small injectite is present at the base. Mudstone 
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and fine-siltstone is present above and below. This sandstone unit is interpreted as 
the B-C interfan, an intra-slope lobe that is used as a lower datum to allow 
correlation between logs. 
21.75– 7.23 m 
Black to dark grey fine-grained (mudstone) unit. The mudstone unit consists of 
interbedded claystone, mudstone, predominantly fine siltstone (FSi) and 
interbedded thin beds of coarse siltstone. Occasional concretions and volcanic ashes 
present. This unit of mudstone is equivalent to the Unit B-C mudstone of the Fort 
Brown Formation. 
7.23 – 6.56 m 
This anomalous unit comprises two beds of fine-grained sandstone, both with 
mudclasts interspersed. Above this sandstone rich unit is more mudstone and 
siltstone. This sandstone rich unit has been interpreted as an injectite deposit. 
6.56 – 0.00 m 
Black to dark grey fine-grained (mudstone) unit. This section of the core contains 
interbedded claystone, mudstone, predominantly fine siltstone (beds are 1-20 cm 
thick) with occasional thin beds of coarse siltstone <1cm thick beds/laminae. 
Occasional concretions and volcanic ashes present. This unit of mudstone is 
equivalent to the Unit B-C mudstone of the Fort Brown Formation.  
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General Description: 
Unit B – Injectite mudstone 
Core interval:  213.00-206.44 m 
Total Thickness:  6.56 m 
This mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and interbedded thin beds of coarse siltstone. 
Interpretation  As previous 
Injectite 
Core interval:  206.44-205.77 m  Total Thickness:  0.67 m 
This anomalous unit comprises two beds of fine-grained sandstone, one graded from 
medium to fine-grained sandstone, both with mudclasts interspersed (concentrated 
in the basal half of the beds). It is present in box 60/3 and is also present in Bav 6. 
Above this anomalous unit is more mud and silts. 
Interpretation 
This anomalous unit could be part of an injectite, which could explain the presence 
of the injectite observed in the lower silts and muds. 
Injectite – B/C interfan mudstone 
Core interval:  205.77-191.25 m  Total Thickness 14.52 m 
This mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and interbedded thin beds of coarse siltstone. This segment of 
the core is found in boxes 60/4 – 56/3 comprising fine-grained siltstones, mudstone 
and claystone. Many concretions are scattered throughout. 
Interpretation  As previous. 
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B/C interfan  
Core interval:  191.25-189.35 m  Total thickness:  1.90 m 
B/C interfan present in box 56/3 (top 10cm)-55/1 – B/C Interfan all massive FS with 
an injectite at the base, no visible structures. Above this (55/1 – 47/4) more muds 
and silts. The interfan has a sharp base and a sharp bed top with mudstone and 
fine-siltstone above and below. The interfan comprises mostly massive fine 
sandstone (1.77 m) grading to very fine sandstone in the upper 10 cm of the interfan 
and only one 3 cm thick FSi bed 13 cm from the base of the interfan.  
Interpretation  As previous. 
B/C interfan – Unit C mudstone 
Core interval:  189.35-159.20 m  Total Thickness:  30.15 m 
The mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and interbedded thin beds of coarse siltstone. This segment of 
the core is found in boxes 55/1 – 47/4 comprising fine-grained siltstones, mudstone 
and claystone. Many concretions are scattered throughout and some of the silts are 
slumped in Box 51/1. 
Interpretation  As previous. 
Unit D 
Core interval:  159.20-84.65 m  Total thickness:  74.55 m 
Similar to described in Bav 4, unit D in Bav 5 appears to be very complex in its 
relationships of channel margin facies and internal levee facies. Bed thickness 
average depends on facies – ten main facies;  
 massive bedded fine sands (6.92%),  
 massive fine sands with mud clasts (4.57%),  
 thin bedded sandstone and siltstone – sandstone dominated (2.96%), 
 thin bedded sandstone and siltstone – siltstone dominated (45.89%), 
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 thin bedded sandstone – structured(10.03%),  
 interbedded siltstones of varying grain-size(0.59%),  
 deformed sandstone (0.86%),  
 graded sandstone (4.25%),  
 banded sandstone (2.60%)  
 and graded sandstone-siltstone beds – structured (21.33%). 
Massive bedded fine sands 
Thick-bedded fine sandstone is the dominant facies in this section through subunit 
C2. Bed thicknesses are in the range of 10 cm to over 2 m, more commonly thicker 
than 30 cm. Erosive and loaded basal contacts are common; however, amalgamated 
contacts are most prevalent. Amalgamated contacts between the sand beds can be 
difficult to identify unless there is an obvious grain size or colour change across the 
contact – colour is least reliable due to diagenetic effects. Small zones of 
bioturbation (3/4) present in places. Also important to note is the presence of 
fractures and quartz veining in abundance throughout the coarser sandstone beds. 
Massive fine sands with mud clasts 
Usually massive FS units, (although some beds do have some faint laminae) 
thicknesses range from 1-91 cm. The facies is rich in mud clasts, averaging between 
<1-4 cm in diameter, although, some are ~30 cm in diameter. The clast-rich zone 
is generally preserved at/near the base of sand units. 
Thin bedded sandstone and siltstone – sandstone dominated 
Sandstone dominated thin beds of sandstone and siltstone packages are mostly VFS 
beds 5-40 cm thick. The beds are often graded – VFS to CSi (resembling true Bouma 
sequence turbidites), and many are massive. Sedimentary structures within the VFS 
beds include wavy, aggradational laminae, current ripple laminae, planar laminae, 
multiple cosets of ripple lamination, planar laminae, climbing ripple laminae, stoss 
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side preserved ripple laminae and some are massive. The CSi is generally planar 
laminated. Mud clasts (1-2 cm in diameter) are found in several of the VFS beds, as 
well as some colour banded muddy and clean sandstone – muddy sandstone is a 
slurry of sand grains and mud lathes. Basal contacts of the graded beds are often 
loaded – some significantly, as the sand displaces into the finer grained silts below. 
Other bed contacts are erosion surfaces and in the thicker VFS beds amalgamated 
contacts are observed. 
Some small areas of distorted interbedded sands and silts (mostly folded) are 
present. Water escape structures are present, usually as flame structures in 
association with loaded bed bases. 
Thin bedded sandstone and siltstone – siltstone dominated 
Similar to the facies described above; siltstone dominated thin beds of sandstone 
and siltstone packages are mostly VFS interbedded with VCSi in packages 5-20 cm 
thick. Some of the VFS beds are graded – VFS to CSi, resembling true Bouma 
sequence turbidites. Sedimentary structures within the VFS beds include wavy, 
current ripple laminae, planar laminae, multiple cosets of ripple lamination, planar 
laminae, climbing ripple laminae, stoss side preserved ripple laminae and some are 
massive. The CSi is generally planar laminated. There are a few erosion surfaces 
and some are associated with bed dip changes above. 
Some areas of this facies have a lower sandstone content than others, when the VFS 
content falls to ~10%, planar laminae dominates 9 in both the sandstones and 
siltstones and no mud drapes or bioturbation are present. 
Thin bedded sandstone – structured VFS 
The facies is sandstone rich (VFS) with an abundance of unidirectional current ripple 
laminae, some multidirectional ripple lamination and lots of erosion surfaces – there 
can be some deformation but little bioturbation and few mud drapes. Beds are 5-
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40 cm thick with lots of ripple laminations – current ripples, climbing ripples, stoss-
side preserved ripple etc (higher abundance than planar laminae). Most of the beds 
with ripple lamination are multidirectional with lots of erosion surfaces. Some 
loaded and erosive bases to the sands. Overall fining and thinning upwards.  
Interbedded siltstones of varying grain-size 
Interbedded FSi, MSi, CSi and VCSi, FSi dominated (40%). Beds are <0.5-12cm thick. 
This facies occurs in packages 10-46 cm thick. 
Deformed sandstone 
Mostly VFS beds (associated with the structured VFS facies) with soft sedimentary 
folding and slumping that varies in intensity from slight folding and distortion of 
ripples, to the small bed scale (<10 cm) and up to 20 cm of heavily distorted and 
slumped VFS material.  
Graded fine- very fine sandstone 
There is a general trend of individual beds grading upwards, however, at least one 
inversely graded LFS-UFS interval has been observed. 
Banded sandstone 
Many of the mud clast rich horizons are a “slurry” of muddy sandstone – sandstone 
unit rich in mm sized mud lathes. These horizons are typically 1-5 cm thick and are 
not common. Some small zones of bioturbation (1/2) are recognised in this facies. 
Graded sandstone-siltstone beds – structured 
Interbedded sandstone and siltstone; the VFS beds often grade to C/MSi. These 
graded sandstone beds are 3-80 cm thick, contain abundant current and climbing 
ripple laminae (unidirectional). Very little distortion, some is present due to water 
escape. The sand beds have loaded bases and erosion surfaces are common. Higher 
in the stratigraphy, these graded beds become siltier in composition with many beds 
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exhibiting grading profiles from VFS to FSi, loaded bases, planar laminations (no 
ripple laminae), low intensity bioturbation and no mud drapes. 
Interpretation 
The base of Unit D consists of a 40 cm thick FS bed rich in mudclasts. The thick 
bedded (10-170 cm thick) FS continues to dominate until 146.60 m with occasional 
mudclasts dispersed throughout, thinner bedded VFS and siltstones, some graded 
sandstones and banded sandstones – this is likely to constitute a channel axis 
environment of deposition. Overlying this, the entire unit becomes thinner bedded, 
whilst remaining sand rich with lots of ripples, minor soft sediment deformation, 
some aggradational bedforms – most ripples seem to be unidirectional with many 
erosion surfaces  
As mentioned at the beginning of the Unit D section, it is very complex in its 
relationships of channel axial deposits, channel margin deposits and internal levee 
deposits. It is important to mention that it is difficult to differentiate fully between 
channel margin and internal levee as they are on a continuous spectrum. Here, 
channel margin is differentiated by the presence of deformation and bed-dip 
changes above erosion surfaces (onlapping beds). The thinner bedded sandstone 
facies; the structured fine sandstones and the interbedded VFS and siltstones 
(sandstone rich) and the graded VFS-siltstone beds are all abundant in ripple 
lamination (multidirectional currents), lots of erosion surfaces and have little/no 
deformation, are likely to be part of a more proximal internal levee environment. 
Whilst the more siltstone prone unit ~80-90% silts with VFS in the form of stringers 
is more likely to be part of a distal internal levee deposit. This is due to the lack of 
erosion surfaces, deformed intervals and ripple laminated sandstone – the 
sandstone content is too low to produce ripple lamination. It is important to note 
no external levee facies is present here – fitting with the outcrop analogue. 
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Zebras 
Core interval:  84.65-71.76 m   Total thickness:  12.89 m 
The ‘zebra’ unit consists of interbedded fine, medium, coarse and very coarse 
siltstone with mm thick mudstone drapes. The term zebra refers to a rhythmically 
bedded unit of M/FSi that is interbedded with mud drapes on a less than 1 cm scale. 
They are very repetitive and the zone has been identified in 2 of the other wells 
(Bav 1A and Bav 6). 
Interpretation 
The presence of this facies on the periphery of the D-aged slope valley (Bav 1A, 5 
and 6) suggests that this facies is likely to be associated with the healing of the 
channel. Stratigraphically it occurs at the same level as deformed and bioturbated 
mudstones and siltstones in Bav 2, 3 and 4 (present within the central area of the 
slope valley), it is possible that the deformed package of slumped material removed 
the pre-existing zebra facies in these areas. 
D – E mudstone/Healing of Unit D slope valley 
Core interval:  71.76-0.00 m   Total thickness:  71.76 m 
This mudstone unit consists of interbedded claystone, mudstone, predominantly 
fine siltstone (FSi) and occasionally very thin beds of coarse siltstone. Deformed 
mudstone and siltstones found at; 66.75-64.16 m, 63.71-53.84 m, and 31.84-29.97 
m.  
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Appendix 5f: Well Bav 6 
Location: UTM 34H 0476360 6324145  
 Total depth of 147m and has been fully split with one-half lapped. 
 43 boxes in total (37x5m and 6x2m lengths of core in each box). 
The core has been placed in 37, 1m long core boxes with a 4-stick width and 6, 1m 
long core boxes with a 2-stick width. 
Generalised stratigraphy: 
Table 5f.1 shows the general stratigraphy of core Bav 6, the box numbers refer to the thirty-seven, 
1m long core boxes with a 4-stick width and four, 1m long core boxes with a 2-stick width that the 
core has been placed in for storage. Core box and photograph numbers are the same for this core. 
 
Figure 5f.1: Figure is a crop of the SLOPE 2 C-D Ridge panel showing the location of Bav 6.  
Unit Box numbers Depth (metres) Thickness 
(metres) 
Sub-environment 
B – C mud 43/1 – 42/3 147.00 – 141.28 5.48 Background 
‘Baby’ B/C 
interfan 
42/3 141.28 – 140.80 0.53 Injectite 
B – C mud 42/4 – 37/2 140.80 – 123.20 16.98 Background 
B/C interfan 37/2 – 37/3 123.20 – 121.92 1.44 Lobe sands 
B/C interfan – C 
mud 
37/4 – 28/2 121.92 – 90.50 30.89 Background 
Unit C1 28/2 – 27/4 90.50 – 84.72 6.55 External levee 
Lower C mud 27/4 – 26/2 84.72 – 82.33 2.19 Background 
Unit C2 26/2 – 23/4 82.33 – 60.82 21.47 External levee 
Upper C mud 23/4 – 20/1 60.82 – 53.48 6.92 Background 
Unit C3 19/4 – 18/2 53.48 – 51.80 1.39 Distal ‘proto-levee’ 
C-D mud 18/2 – 14/2 51.80 – 39.00 12.79 Background 
Unit D 14/2 – 6/2 39.00 – 8.40 30.04 Distal external levee 
Zebras 6/2 - 1 8.40 – 0.00 11.12 Abandonment/Healing 
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Figure 5f.2: Bav 6 core log with generalised stratigraphy  
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Brief down-hole description of BAV 6 
147.00 – 135.88 m 
Thinly interbedded coarse, medium and fine-grained siltstone with and mudstone 
drapes (the siltstone and mudstone couplets in deepwater facies section). The 
coarser siltstone beds are <1-5 cm thick, becoming finer grained and thinner bedded 
up through the succession with the mudstone drapes occurring at increasingly more 
frequent intervals. This is the upper part of Unit D of the Fort Brown Formation. 
135.88 – 105.84 m 
This section of the core consists of interbedded planar laminated sandstone and 
siltstone (siltstone dominated) with abundant mud drapes. There is a distinct 
pattern of fining upwards as siltstone becomes dominant grain-size with increasing 
mud drapes and fewer planar laminated VFS beds. There are occasional current 
ripple laminated sandstone beds. This same facies is observed at a similar 
stratigraphic interval in Bav 5. This part of the core has some slight alteration due 
to weathering. This facies has been interpreted as distal internal levee, within the 
Unit D slope valley.  
105.84 – 93.84 m 
Black to dark grey fine-grained unit. This section of the core is rich in beds of 
mudstone, fine, medium and coarse siltstone with one 10cm thick claystone bed. 
The coarser siltstone beds occur in <1 cm thick beds/laminae whereas the finer 
grained components occur in beds 1-20 cm thick. This unit of mudstone is equivalent 
to the Unit C-D mudstone of the Fort Brown Formation. 
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93.84 – 92.45 m 
The lowermost 40cm comprises interbedded mudstone, siltstone and sandstone 
laminae (<cm thick beds). Above this, the average bed thickness increases to 1-
3cm. There are no erosion surfaces. The unit does not appear to have any obvious 
stacking patterns; however, it does seem to fine in grain-size up through the unit. 
This thin-bedded very fine sand, siltstone and mudstone drape prone unit is 
interpreted as Unit C3, part of a distal frontal splay, it is rich in bioturbation, with 
a relatively low sedimentation rate. 
92.45 – 85.53 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the Upper C mudstone, part of the Unit C composite 
sequence dividing sub-units C2 and C3 of the Fort Brown Formation. 
85.53 – 64.06 m 
This entire section of core comprises thinly (1-5 cm) interbedded sandstone and 
siltstone with mud drapes, bioturbation. There is a gradational base and top to this 
unit as the silts and mud give way to a sandstone and siltstone rich unit, interpreted 
as sub-unit C2. The lowermost 50cm (65.17-64.67 m) of this section is similar to 
that described above for C3 – cm-scale interbedded sandstones and siltstones. In 
the overlying 13 m (77.18-65.17 m), the average bed thickness is 3cm, with 
occasional sandstone beds up to 5 cm thick. The upper 9m (from 86.18-77.18 m) 
show a distinct change where the beds thin and fine abruptly. Average bed thickness 
becomes 0.1-2 cm thick (2 cm beds are occasional). Bioturbation increases in this 
upper 9m; some burrows can reach 2 cm in vertical thickness and become more 
obvious, the vertical burrows are more prone to distorting the sedimentary 
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structures of the beds. Most of the sand beds have ripple laminae with some faint 
locally preserved stoss side preserved locally. Much of the ripple lamination occurs 
in coarse siltstone units where sands grains form the ripple crests and foresets. Mud 
drapes are abundant and define the boundaries between events, they are often 
associated with bioturbation (1/2). The thin-bedded very fine sand and mudstone 
drape prone unit of sub-unit C2 is interpreted as a distal external levee. No erosion 
surfaces are observed, suggesting that the predominant process in the unit is 
deposition of very fine, very thin waning flows. 
64.04 – 61.87 m 
Black to dark grey fine-grained unit rich in beds of mudstone, fine, medium and 
coarse siltstone. The coarser siltstone beds occur in <1 cm thick beds/laminae 
whereas the finer grained components occur in beds 1-20 cm thick. This unit of 
mudstone is equivalent to the Lower C mudstone, part of the Unit C composite 
sequence dividing sub-units C1 and C2 of the Fort Brown Formation. 
61.87 – 55.32 m 
The unit commences abruptly with 20 cm of sharp based, upper fine sandstone bed 
with an erosive base and associated mudclasts. Overlying this, the unit becomes 
predominantly thin-bedded very fine sandstone and siltstone. Very fine sandstone 
beds have current ripple lamination – mostly on a cm scale with a few occurrences 
of dm scale ripple laminae. Climbing ripple lamination is present in thicker beds 
and some sub-parallel laminae is observed. No soft sediment deformation present 
or obvious fining and thinning upwards packages. The unit has a sharp top. This 
thin-bedded very fine sand and mudstone drape prone unit is interpreted as Unit C1 
which is interpreted as part of a frontal splay deposit and the lack of erosion 
surfaces observed throughout the unit suggests that it is primarily depositional in 
formation. 
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55.32 – 24.43 m 
Black to dark grey fine-grained unit is rich in beds of mudstone, fine siltstone, 
medium siltstone, coarse siltstone and claystone. The coarser siltstone beds occur 
in <1cm thick beds/laminae whereas the finer grained components occur in beds 1-
20 cm thick. Claystone beds are 1-100 cm thick and contribute ~3 m to the thickness 
of this section of the core. This unit of mudstone is equivalent to the Unit B-C 
mudstone of the Fort Brown Formation. 
24.43 – 22.99 m 
Sharp based and sharp topped massive fine sandstone unit grading to very fine 
sandstone in the upper 10 cm. Mudstone and fine-siltstone is present above and 
below. This sandstone unit is interpreted as the B-C interfan, an intra-slope lobe 
that is used as a lower datum to allow correlation between logs. 
22.99 – 6.01 m 
Black to dark grey fine-grained unit is rich in beds of mudstone, fine siltstone, 
medium siltstone, coarse siltstone and claystone. The coarser siltstone beds occur 
in <1 cm thick beds/laminae whereas the finer grained components occur in beds 
1-20 cm thick. Claystone beds are 1-100 cm thick and contribute ~3 m to the 
thickness of this section of the core. This unit of mudstone is equivalent to the Unit 
B-C mudstone of the Fort Brown Formation. 
6.01 – 5.48 m 
This anomalous unit comprises several beds of fine-grained calcareous sandstone, 
two graded from fine to very fine-grained sandstone. Above this sandstone rich unit 
is more mudstone and siltstone. This sandstone rich unit has been interpreted as an 
injectite deposit. 
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5.48 – 0.00 m 
Black to dark grey fine-grained unit is rich in beds of mudstone, fine siltstone, 
medium siltstone, coarse siltstone and claystone. The coarser siltstone beds occur 
in <1 cm thick beds/laminae whereas the finer grained components occur in beds 
1-20 cm thick. Claystone beds are 1-100 cm thick and contribute ~3 m to the 
thickness of this section of the core. This unit of mudstone is equivalent to the Unit 
B-C mudstone of the Fort Brown Formation. 
  
 382 
 
General Description: 
Unit B – injectite mudstone 
Core interval: 147.00 – 141.52 m    Total Thickness: 5.48 m 
The mudstone unit consists of interbedded claystone, mudstone and mm-thick FSi 
beds. 
Interpretation 
Throughout the 5.48 m there is 85 cm of claystone. The Unit B-C mudstone is 
stratigraphically a base of slope environment. 
Injectite 
Core interval: 141.52 – 140.99 m    Total Thickness: 0.53 m 
This anomalous unit comprises several beds of fine-grained calcareous sandstone, 
two graded from fine to very fine-grained sandstone. Beds are 1-15 cm thick, most 
are massive although several contain planar laminae, water escape structures and 
one has current ripple laminae. It is present in box 42/3 – it is the same anomalous 
sand/calcareous sand unit as observed in Bav 5. Above this anomalous unit is more 
mud and silts.  
Interpretation 
This anomalous unit could be part of an injectite. 
Injectite – B/C interfan mudstone 
Core interval: 140.99 – 124.01 m    Total Thickness: 16.98 m 
The mudstone unit consists of interbedded mudstone, predominantly FSi, MSi and 
interbedded thin beds of CSi. This segment of the core is found in boxes 42/3-37/2. 
Many concretions are scattered throughout. 
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Interpretation  As previous. 
B/C interfan  
Core interval:  124.01 – 122.57 m  Total thickness: 1.44 m 
The interfan has a sharp base and a sharp bed top with mudstone and fine-siltstone 
above and below. The interfan comprises mostly fine with some medium sandstone. 
Beds are 2-25 cm thick, one 68 cm thick. Associated features include structureless 
sands, some grading in grain-size upwards as well as (cm sized) mud chips 
concentrated at the basal contact. 
Interpretation  As previous. 
B/C interfan – Unit C mudstone 
Core interval:  122.57-91.68 m  Total thickness: 30.89 m 
The mudstone unit consists of interbedded claystone, mudstone, FSi and 
occasionally very thin beds of CSi. This mudstone is present in boxes 37/4-28/2 – 
the remainder of the mudstone between units B and C. 
Interpretation  As previous 
Unit C1 
Core interval:  91.68 – 85.13 m  Total thickness:  6.55 m 
Present in boxes 28/2-27/4 It is a sandstone rich unit with mud drapes, 
bioturbation, current ripple laminations – Unit C1 has been interpreted as a distal 
external levee. 
The unit commences abruptly with 20 cm of sharp based, bedded UFS. One bed, (12 
cm from the base) has an erosive base with associated mudclasts. Overlying this 
UFS facies, the unit becomes predominantly thin-bedded VFS. 
Sand versus silt content: ~90% sandstone, 10% siltstone and mudstone. 
 Average/mean bed thickness is 4.41 cm 
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 Range of bed thickness is 1-20 cm 
 Modal bed thickness is 2 cm. 
The VFS beds have current ripple lamination – mostly on a cm scale with a few 
occurrences of dm scale ripple laminae. Some climbing ripple lamination is present 
in thicker beds and some sub-parallel laminae is observed. Palaeoflow is 
unidirectional. One erosion surface is present. Mud drapes are abundant and define 
the boundaries between events, they are often associated with bioturbation (1/2). 
The sigmoidal bedforms present in high abundance in the external levees of Bav 1A 
are not present in Bav 6. No soft sediment deformation is present and there are no 
obvious fining and thinning upwards packages. The unit has a sharp top. 
Interpretation 
The thin-bedded very fine sand and mudstone drape prone unit of sub-unit C1 is 
interpreted as part of a frontal lobe/splay deposit, it is rich in bioturbation, with a 
relatively low sedimentation rate, events may be rare, or timing between them is 
long enough to allow ichnofauna to populate. One erosion surface is observed 
throughout the unit, inferring that it is primarily depositional in formation. 
Lower C mudstone 
Core interval:  85.13 – 82.94 m  Total thickness:  2.19 m 
The mudstone unit consists of interbedded mudstone, fine siltstone (FSi) and 
occasional thin beds of medium siltstone. Found in boxes 27/4-26/2 – mud and silts 
Interpretation 
Throughout the 2.24 m thick mudstone there is no claystone. This is the Lower C 
mudstone and it is one of the intra-unit mudstones in the Unit C composite 
sequence. This mudstone can be followed and correlated throughout the field area.  
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Unit C2  
Core interval:  82.94-61.47 m   Total thickness: 21.47 m 
Present in boxes 26/2-20/. Interbedded sandstone and siltstone unit with mud 
drapes, bioturbation, current ripple laminations – Unit C2 has been interpreted as 
a distal external levee. Boxes 26/2-22/2 – silts and mud give way to a sandstone 
and siltstone rich unit, there is a gradational base to unit C2. Boxes 22/2-20/1 – the 
unit becomes thinner bedded sandstone and siltstone with lots of mud drapes.  
Lower 13 m of the unit is very similar to unit C1. The base of C2 is gradational – not 
as sharp as C1, in the, lower 50 cm there is cm-scale interbedded sandstones and 
siltstones. In the overlying 13 m, overlying this, the average bed thickness is 3.1cm, 
with occasional sand rich beds up to 5 cm thick (suggesting that large events capable 
of forming reasonably thick sand beds on the distal external levee are rare). The 
upper 9 m of unit C2 in Bav 6 show a distinct change. The beds thin and fine 
abruptly. Average bed thickness becomes 0.1-2 cm thick (2cm beds are occasional). 
Bioturbation increases in this upper 9 m suggesting longer periods between events 
thus encouraging more successful colonisation of the unit (2/3). Some burrows can 
reach 2 cm in vertical thickness and become more obvious, the vertical burrows are 
more prone to distorting the sedimentary structures of the beds. 
The unit is ~45% sand, 55% silt with mud drapes throughout. Most of the sand beds 
have ripple laminae with some faint locally preserved stoss side preserved ripple 
lamination in places. Much of the ripple lamination occurs in coarse siltstone units 
where sands grains form the ripple crests and foresets (this structure becomes less 
abundant in the upper part of C2). Mud drapes are abundant and define the 
boundaries between events, they are often associated with bioturbation (1/2). The 
sedimentation rate in C2 appears lower than in C1 as the beds are thinner and mud 
drapes are in higher abundance. There are no erosion surfaces within the unit. 
 386 
 
 Average/mean bed thickness is 3.1 cm 
 Range of bed thickness is 0.5-9 cm 
 Modal bed thickness is 0.5 cm. 
No deformation present unless it is tectonic in nature. The top contact of this unit 
is not easy to identify. The occurrence of sand and coarse silt becomes rarer 
upwards but does not cease throughout the whole 6.5 m of the Upper C mudstone.  
Interpretation 
The thin-bedded very fine sand and mudstone drape prone unit of sub-unit C2 is 
interpreted as a distal external levee, it is rich in bioturbation, with a relatively 
low sedimentation rate, events may be rare, or timing between them is long enough 
to allow ichnofauna to populate (longer periods elapse in C2 compared to C1). No 
erosion surfaces are observed, suggesting that the predominant process in the unit 
is deposition of very fine, very thin waning flows. 
The inability to define the upper contact of C2 is likely to be a result of a reduction 
in the size, scale and frequency of events bringing sand and silts out of the main 
channel. 
Upper C mudstone 
Core interval:  61.47 – 54.55 m  Total thickness: 6.92 m 
The mudstone unit consists of interbedded mudstone, fine siltstone (FSi) medium 
siltstone and occasional thin beds of coarse siltstone and very fine sandstone. Found 
in boxes 20/1-19/4. 
Interpretation 
Throughout the 6.59 m thick mudstone there is no claystone. This is theLower C 
mudstone and it is one of the intra-unit mudstones in the Unit C composite 
sequence. This mudstone can be followed and correlated throughout the field area.  
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Unit C3 
Core interval:  54.55 – 53.16 m  Total thickness:  1.39 m 
Present in boxes 19/4-18/2. C3 is an interbedded sandstone and siltstone unit with 
mud drapes, bioturbation, current ripple laminations – Unit C3 has been interpreted 
as a distal ‘proto’ external levee. 
The base of unit C3 is similar to the base of unit C2 – indistinct with interbedded 
mudstone, siltstone and sandstone (<cm thick beds). The first 40cm of the unit is 
thinly bedded (0.1-1 cm thick) with VFS, VCSi and mud drapes with associated 
bioturbation (2/3). As the unit thickens the average bed thickness increases to 1-3 
cm. The thicker VFS beds are less abundant (sandstone comprises ~35% of the unit). 
One FS bed is present. The VFS beds have indistinct current ripple laminae 
(unidirectional) which is the most common sedimentary structure within the unit. 
 Average/mean bed thickness is 1.2 cm 
 Range of bed thickness is 0.5-8 cm 
 Modal bed thickness is 0.5 m. 
Similar to Unit C2; there are no erosion surfaces. The unit does not appear to have 
any obvious stacking patterns; however, it does seem to fine in grain-size up through 
the unit. 
Interpretation 
The thin-bedded very fine sand and mudstone drape prone unit of C3 is interpreted 
as part of a frontal splay/lobe deposit, it is rich in bioturbation, with a relatively 
low sedimentation rate, events may be rare, or timing between them is long enough 
to allow ichnofauna to populate (longer periods elapse in C2 compared to C1). No 
erosion surfaces are observed, suggesting that the predominant process in the unit 
is deposition of very fine, very thin waning flows. The inability to define the upper 
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contact of C2 is likely to be a result of a reduction in the size, scale and frequency 
of events bringing sand and silts out of the main channel. 
Unit C – Unit D mudstone 
Core interval:  53.16 – 41.16 m  Total thickness: 12.00 m 
The mudstone unit consists of interbedded mudstone, fine siltstone (FSi), medium 
siltstone and occasionally very thin beds of coarse siltstone and very fine sand. 
Found in boxes 18/2-14/2 – mud and silts. 
Interpretation 
This is part of the Unit C-D mudstone and is stratigraphically a mid-slope 
environment. It is important to note the thickness of the mudstone in this well 
compared to the 22.58 m thick C-D mudstone measured in Bav 1A (the only well 
where the entire C-D mudstone preserved). This thickness discrepancy suggests that 
the overlying Unit D incisional slope valley and has eroded ~9m of the C-D mudstone, 
and that the Unit D deposit captured in this well was deposited within the slope 
valley composite erosion surface. 
Unit D 
Core interval:  41.16-11.12 m   Total thickness: 30.04 m 
The entire unit is present in boxes 14/2-6/2, this part of the core has some slight 
alteration due to weathering, it has a green colour and it is difficult to determine 
the grain-size and sedimentary structures within.  Boxes 14/2-6/2 – primarily 
interbedded sandstone and siltstone (VFS and VCSi) with abundant mud drapes. 
There are occasional VFS beds with current ripple laminae, although the dominant 
structure is planar lamination present in abundance in both the sandstones and the 
siltstones (similar to Bav 5) – it has been interpreted as (distal) internal levee. There 
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is a distinct pattern of fining upwards as VCSi becomes the dominant grain-size with 
many mud drapes and few planar laminated VFS beds. 
Unit D is predominantly depositional, throughout its 30 m thickness; 80-90% of it is 
in the coarse siltstone-very fine sandstone grain-size bracket. The number and 
frequency of mud drapes increases around 30m, becoming very regular in 
occurrence in the upper 10 m. 
Zebras 
Core interval:  11.12-0.00 m   Total thickness: 11.00 m 
The ‘zebra’ unit consists of interbedded coarse silt and very fine sandstone with 
mm thick mudstone drapes. This same facies has also been observed in Bav 1A and 
Bav 5. The term zebra refers to a rhythmically bedded unit of M/FSi that is 
interbedded with mud drapes on a less than 1cm scale. They are very repetitive 
and the zone has been identified in 3 of the other wells. 
Zebra descriptions and core intervals are:   
11.00-0.00 m  Planar laminated coarse silt interbedded with mud drapes and 
a few very fine sand beds <1 cm thick. 
Interpretation 
The presence of this facies on the periphery of the D-aged slope valley (Bav 1A, 5 
and 6) suggests that this facies is likely to be associated with the healing of the 
channel. Stratigraphically it occurs at the same level as deformed and bioturbated 
mudstones and siltstones in Bav 2, 3 and 4 (present within the central area of the 
slope valley), it is possible that the deformed package of slumped material removed 
the pre-existing zebra facies in these areas. 
Throughout the entire 71.76 m there is no claystone. This mudstone forms part of 
the Unit D-E mudstone and is stratigraphically a mid-slope environment; part is 
 390 
 
likely to be from the upper channel-fill/healing of the Unit D slope valley (the 
deformed mud- and siltstone).  
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5. Correlation of channels over 10's m not 100's m
No direct correlation between all channels in 
both wells spaced at ~700 m apart
2. Channel base lower 
than expressed on GR 
log due to presence of 
mud-clast conglomerate
3. Thin beds in conﬁnement 4. Not all channel complexes 
recorded in the core
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shows direction of 
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with stratigraphy.
Channel complex set Channel complex Elementary Channel External levee Internal levee GR log Borehole positions
Key
Enclosure 13
The presence of low to high angle 
climbing-ripple lamination and 
dewatering structures locally, 
indicates rapid deposition through 
high rates of sediment fallout and 
tractional deposition that is 
attributed to rapid expansion and 
deposition from moderate to low 
concentration turbidity currents.
The upper contact comprises a 
bed of very ﬁne sandstone 0.4-
0.7 m thick and locally contains 
climbing-ripple cross-lamination 
or dewatering structures (FA4).
Very ﬁne-grained sandstone 
beds 0.05-0.4 m thick, organized 
into 0.1-0.4 m thick bedsets that 
form characteristic sinusoidal 
and climbing bedforms (FA3).
3D rippled bedtops observed on 
interbedded sandstone and 
siltstone (FA3)
Interbedded lenticular climbing-
ripple-laminated sandstone and 
siltstone, with sinusoidal and 
climbing bedforms (FA2)
Beds containing current-ripple 
cross-lamination, low-angle 
(~10°) climbing-ripple cross-
lamination and high-angle (~20-
40°) stoss-side-preserved 
climbing-ripple lamination (FA2).
Beds containing low-angle (~10°)  
and high-angle (~20-40°) 
climbing-ripple cross-lamination 
with local stoss-side-
preservation (FA4).
Laterally persistent, centimeter-
thick beds of planar-laminated 
and current-ripple cross-
laminated very ﬁne-grained 
sandstone, interbedded with 
planar-laminated siltstone beds, 
and mudstone drapes often 
associated with minor 
bioturbation (FA1).
The presence of decimeter-scale 
sinusoidal stoss-side-preserved 
bedforms and low to high-angle 
climbing-ripple lamination 
indicates high-rates of sediment 
fallout and tractional deposition 
that is attributed to rapid 
expansion and deposition from 
moderate to low-concentration 
turbidity currents.
Climbing-ripple lamination and 
sinusoidal bedforms result form 
the action of unidirectional 
currents, and require bedload 
transport and simultaneous high-
rates of suspended-sediment-load 
fallout, conditions typical of non-
uniform ﬂow conditions.
The thin-bedded nature, subtle 
normal grading, and tractional 
structures suggests that they 
were deposited by low-density 
dilute turbidity currents in an 
unconﬁned setting.
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